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Both eukaryotic and prokaryotic cells must keep their chromosomal DNA well 
organized. Packaging of millimeter-long DNA molecules inside bacterial cells and 
centimeter-to-meter-long ones inside eukaryotic cells is achieved through a number of 
DNA binding architectural proteins. In bacteria, chromosomal DNA is packaged into 
a tightly folded nucleoid structure by about a dozen nucleoid-associated proteins 
(NAPs). In eukaryotic cells, DNA is organized into chromatin by histone proteins. 
Besides packaging DNA, architectural proteins also play other roles in various critical 
cellular processes, such as gene transcription regulation and cell division.  In the 
preparation of this thesis, I investigated the gene regulation functions of H-NS, a 
major NAP in Gram-negative bacteria, which controls pathogenesis of Salmonella, 
Escherichia coli (E.coli) and Yersinia. My studies revealed the mechanism by which 
H-NS mediated gene-silencing can be relieved through interaction with another 
protein, SsrB. I also investigated the DNA-binding properties of MDP1 and mIHF, 
two acid-fast Gram-positive bacteria proteins expressed in Mycobacterium 
tuberculosis. These proteins are known to control bacterial growth and regulate entry 
into the dormant state, but the molecular mechanisms were poorly understood. I found 
that both of these proteins condense DNA into a stable structure. This suggests they 
function to protect DNA against reactive oxygen intermediate by host immune system 
and thus play a role in bacterial growth regulation. Finally, I studied the DNA-binding 
behavior of the protein Hop1, which plays a critical role in aligning two sister 
chromatids during meiosis in the eukaryote Saccharomyces cerevisiae. I found that 
Hop1 mediates tight DNA bridging in a zinc ion dependent manner, which has 
important physiological implications. All these studies were based on direct 
measurement using a combination of single-DNA manipulation and atomic force 
imaging technologies to address fundamental questions concerning the mechanical 
aspects of interactions between architectural proteins and single-DNA molecules. 
 vi 
LIST OF FIGURES 
Figure 1.1 The basic structure of DNA..........................................................................2!
Figure 1.2 The worm-like chain.....................................................................................4!
Figure 1.3 Force-extension curves for DNA..................................................................6!
Figure 1.4 The common and different features of prokaryotic and eukaryotic cells. ....8!
Figure 1.5 Chromatin and condensed chromosome structure........................................9!
Figure 1.6 The meiotic cell cycle.................................................................................10!
Figure 1.7 The central dogma of molecular biology....................................................11!
Figure 1.8 Binding modes of various Gram-negative bacteria NAPs .........................13!
Figure 1.9 Solution structures of H-NS. ......................................................................16!
Figure 1.10 Two H-NS DNA-binding modes..............................................................17!
Figure 1.11 Possible H-NS gene-silencing mechanisms. ............................................19!
Figure 1.12 Illustration of the mechanisms by which anti-silencing proteins 
antagonize H-NS silencing system ......................................................................20!
Figure 1.13 The TTSS of S. typhimurium....................................................................21!
Figure 1.14 The structure of SsrBC .............................................................................22!
Figure 1.15 Three-dimensional model of SsrBC bound to DNA. ...............................23!
Figure 1.16 Dimerization formation of MDP1 N terminal domain .............................25!
Figure 1.17 CD analysis of mIHF-80 reveals its high content of alpha-helices. .........26!
Figure 1.18 Illustration of prophase I stages in meiosis I ............................................27!
Figure 1.19 Structure of the synaptonemal complex. ..................................................28!
Figure 2.1 Glass channel for magnetic tweezers experiment. .....................................35!
Figure 2.2 Illustration of a DNA tether........................................................................36!
Figure 2.3 Magnetic tweezers setup.............................................................................37!
Figure 2.4 Steps in the glass coverslip functionalization protocol. .............................38!
Figure 2.5 The inverted pendulum representation of the bead-DNA configuration....40!
Figure 2.6 Force-extension response of a double-stranded DNA................................43!
 vii 
Figure 2.7 Schematic models for protein introduced changes on double-stranded 
DNA.....................................................................................................................44!
Figure 2.8 Effect of protein nonspecifically binding DNA. ........................................45!
Figure 2.9 AFM setup. .................................................................................................47!
Figure 2.10 Cantilever deflection detection by optical lever. ......................................48!
Figure 2.11 The AFM probe tip is typically immersed in the contamination layer 
above the sample layer.........................................................................................49!
Figure 2.12 Qualitative illustration of interaction force versus surface-to-tip distance.
..............................................................................................................................50!
Figure 2.13 Two AFM imaging modes are divided by their tip working regions. ......51!
Figure 2.14 Three imaging modes in vibrating mode..................................................52!
Figure 2.15 Schematic illustration of APTES and Glutaraldehyde modified mica 
surfaces. ...............................................................................................................53!
Figure 3.1 H-NS exhibits distinct behaviors to bind to DNA in buffer with and 
without magnesium..............................................................................................56!
Figure 3.2 Time course for the SsrB folding events. ...................................................58!
Figure 3.3 FE curves for the SsrB folding events. .......................................................59!
Figure 3.4 SsrB induces strong folding of DNA..........................................................60!
Figure 3.5 Salt concentration affects the DNA-folding ability of SsrB.......................61!
Figure 3.6 SsrB competes with H-NS in stiffening buffer...........................................62!
Figure 3.7 SsrB dose not displace H-NS from DNA in the H-NS DNA-bridging mode.
..............................................................................................................................64!
Figure 3.8 Illustration of the mechanism of SsrB........................................................66!
Figure 4.1 Finding unfolding steps ..............................................................................71!
Figure 4.2. Representative AFM images of MDP1 nucleoprotein in 50 mM KCl......73!
Figure 4.3 Representative AFM images of MDP1 nucleoprotein in 200 mM KCl.....75!
Figure 4.4 DNA compaction by different concentrations of MDP1............................77!
Figure 4.5 Fitting for the unfolding events using the step-finding algorithm..............79!
Figure 4.6 Histogram of the probability density against step sizes .............................80!
Figure 4.7 Model of two modes of DNA organization by MDP1. ..............................81!
 viii 
Figure 4.8 AFM images of mIHF nucleoprotein complex in 50 mM KCl ..................83!
Figure 4.9 DNA compaction by different concentrations of mIHF in 50 mM KCl. ...84!
Figure 5.1 S.cerevisiae Hop1 bridges DNA.................................................................90!
Figure 5.2 Hop1 protein promotes DNA folding.........................................................93!
Figure 5.3 Hop1 C-terminal domain (Hop1ctd) has much less DNA folding effect. ..94!
 
 ix 
LIST OF ABBREVIATIONS 
DNA = Deoxyribonucleic Acid 
WLC = Worm-Like-Chain  
RNAP = RNA Polymerase 
mRNA = messenger RNA   
tRNA = transfer RNA  
NAPs = Nucleoid-Associated Proteins  
E. coli = Escherichia coli 
Fis = Factor for Inversion Stimulation 
HU = Heat Unstable nucleoid protein 
H-NS = Histone-like Nucleoid Structural protein 
IHF = Integration Host Factor 
Dps = DNA-binding Protein from Starved cells 
StpA = Suppressor of Td mutant Phenotype A  
Mtb = Mycobacterium tuberculosis  
MDP1 = Mycobacterial DNA-binding Protein 1 
mIHF = mycobacterial Integration Host Factor 
S. Typhimurium = Salmonella Typhimurium  
TTSS = Type III Secretion System   
SPI-1 = Salmonella Pathogenicity Island 1  
SPI-2 = Salmonella Pathogenicity Island 2  
SC = Synaptonemal Complex   
CE = Central Element  
LE = Lateral Elements   
AFM = Atomic Force Microscopy 
PBS = Phosphate Buffered Saline 
 x 
FE curve = Force-Extension curve  
STM = Scanning Tunneling Microscope  
APTES = (3-Aminopropyl)triethoxysilane  
EDTA = ethylenediaminetetraacetate  
Hop1 wt = Hop1 wild type  












CHAPTER 1: Introduction 
1.1 DNA structure and its coil size 
This thesis is focused on architectural proteins in eukaryotes and prokaryotes.  
The term “architectural proteins” derives from the important roles they play in 
constructing and organizing cellular chromosomal DNA (Deoxyribonucleic acid). The 
functional mechanisms of these proteins depend on their interaction with DNA. 
Therefore I will first introduce the structural properties of the genetic material, DNA, 
which is organized by these proteins.   
DNA is a biopolymer consisting of repeating subunits termed nucleotides. 
Each nucleotide is composed of a nucleobase, its attached sugars (deoxyribose) and 
the phosphoric acid groups. There are 4 nucleobases: guanine, adenine, thymine, and 
cytosine (usually abbreviated as G, A, T and C). The deoxyribose sugars form the 
DNA backbone through phosphodiester bonds to neighboring phosphate groups (1).  
Most DNA molecules are double-stranded helices and each helix coils around 
the same axis with a radius of 1 nm. The nucleobases are paired with each other 
across the helix, but only A-T and C-G.  Two adjacent base pairs has a distance of 
~0.34 nm and rotate relative to each other by approximately 36°. One helical pitch has 
around 10.5 base pairs (3.6 nm). The twin helical strands intertwine and form two 
kinds of grooves, the major groove, is 22 Å wide and the other, the minor groove, is 
12 Å wide (Figure 1.1). 
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Figure 1.1 The basic structure of DNA. DNA is a molecule composed of two strands inter-
winding with each other. The two strands are the backbones, which are made from sugar-
phosphates. The two strands rotate about the same axis and form two grooves with the large 
groove of 22 Å and small groove of 12 Å. Nucleobases are connected with the sugar 
backbones and they form pairs only as A-T and G-C. The distance between the backbones is 
20 Å. The three components that include the phosphate, the sugar and the base are called the 
DNA nucleotide. (Illustration from (1)). 
 
DNA encodes the genetic information for the development and functioning of 
all living organisms and many viruses. Two features of DNA make it ideal for 
biological information storage. Firstly, the DNA backbone is able to protect DNA 
from cleavage, and secondly, the double-stranded structure favors the duplication of 
the genetic information contained in the sequence of the four nucleobases. 
Within cells, DNA is organized into highly compact structures called 
chromosomes. The contour length of the chromosomal DNA is centimeters to meters 
in eukaryotic cells and millimeters in prokaryotic cells. Due to the finite bending 
rigidity of the DNA backbone, a long DNA molecule adopts a random-coiled 
conformation driven by thermal energy. In a coiled conformation, the distance 
between the two DNA ends (hereafter is referred to as end-to-end distance),   
! 
! R , is 
much shorter than the contour length.  
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The necessity of packaging the genomic DNA within a cell becomes clear 
when one compares the volume of random coiled DNA to the volume of a typical 
cell. To determine this volume ratio, a series of prerequisites need to be assumed as 
follows; the random coiled shape is not a specific conformation but a statistical 
distribution that is determined by the DNA bending rigidity. DNA conformations are 
controlled by the interplay between thermal energy and the bending stiffness of DNA 
backbone. In DNA polymer models, the bending energy of DNA with a contour 























where s is the arc length along the DNA contour from one end, 
! 
dˆ t d ˆ s  is the 
curvature of the DNA polymer, and A is a parameter describing the bending rigidity 
of DNA. A has the dimension of length and is called the DNA bending persistence 
length. DNA shorter than the persistence length can be envisaged as a rather straight 
rod, whereas DNA much longer than the persistence length is a random coil (Figure 
1.2 (A)). kB is the Boltzmann constant and T is the temperature. This model is often 
known as the worm-like-chain (WLC) polymer model of DNA. It is crucial to know 







Figure 1.2 The worm-like chain. Schematic diagram of (A) random DNA coil.   
! 
! R is the end-
to-end distance. (B) Schematic diagram of DNA polymer under force f in the direction of x. t 
is the tangent veter.  
 
Accurate values of A have recently been measured through mechanically 
stretching a single DNA molecule using single-molecule manipulation techniques 
such as optical tweezers and magnetic tweezers (2). Such techniques allow us to apply 
tensile forces by pulling the two ends of individual DNA molecules (Figure 1.2 (B)). 
The force tends to extend the DNA conformation, in opposition to thermal energy that 
tends to coil the DNA. The competition between these two factors determines the 
equilibrium distance between two DNA ends. In a single-DNA stretching experiment, 
the DNA extension x, which is the end-to-end distance   
! 
! R projected along the force 
direction, is measured in real time with nanometer spatial resolution.  

































                   
! 
(2) 
with the first term describing the contribution from DNA bending and the second term 
describing the contribution from force. The second term has a negative sign in front of 
the force because DNA elongation by the force reduces the DNA free energy.  
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! 
(3) 
where i indicates one of the DNA conformations, and Ei is the corresponding 
conformational energy. The summation includes all possible DNA conformations. 
The partition function can be calculated numerically by Monte-Carlo simulation or 
transfer-matrix method (3-5). It can also be analytically obtained under certain 
asymptotic conditions (large force limit or small force limit). The extension as a 
function of force (i.e., the force-extension curve) can be obtained from the partition 
function: 
! 












At small force limit f << kB/A, the analytical force-extension curve is known 
as:  
! 





,                                   
! 
(5)   
In 1995, Marko derived an analytical formula for the force-extension curve for 
the WLC model at large force limit f >> kB/A (6): 
! 




4Af ,          
! 
(6) 
Direct interpolation of the force-extension curves obtained at the two force 
limits leads to a formula (known as the Marko-Siggia formula) that accurately 








4(1" x L)2 "
1
4 ,       
! 
(7)  
Fitting the experimental data with the Marko-Siggia formula, the value of A 




           
 
Figure 1.3 Force-extension curves for DNA. Squares are force extension curve of 97 kb 
double-stranded !-DNA. The solid line is the fit by the Marko-Siggia formula. The fit 
parameters are the DNA contour length L= 32.8±0.1 µm and the persistence length 
A=53.4±2.3 nm. The dashed line is the freely joined chain model for fitting comparison 
(Figure adopted from Bustamante et. al (7)). 
 
The energy of the WLC model can be discretized into a chain of N small 
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b
dtˆ ( s) " ˆ t i
,         
! 
(8) 
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! 
(9) 
In the absence of force, DNA coils when its contour length is much longer 
than A ~50 nm, and its conformation can be understood through a three dimensional 
random walk process with a step size b = 2A ~100 nm (6). The average of the square 
of the end-to-end distance   
! 
! R is related to the number of steps and the step size 
through: 
! 
R2 = N "b2 = L "b,
                      
 where N is the number of the segments, L=Nb is the contour length. Therefore, the
dimension of the random coils of a long DNA can be estimated by: 
! 
lcoil = L "b,             
! 
(11)  
The volumes of the random coils can be estimated by lcoil3 = (Lb)3/2 . 
Typical lengths of genomic DNA in eukaryotic and prokaryotic cells are in the 
magnitude of meters and millimeters, respectively. They correspond to random coiled 
sizes of 3"105 nm and 104 nm, respectively. Therefore the volume ratio between the 




3,      
! 
(12)  




3,              
! 
(13) 
Thus unpacked DNA occupies a volume 1000-10000 times that of the cell that 
must contain it. This leads to a fundamental question: how do cells pack their 




1.2 Overview of chromosomal DNA organization in eukaryotic and 
prokaryotic cells 
 
In eukaryotic and prokaryotic cells, the chromosome is an indispensable part 
of the cell that contains the genetic information necessary for growth and 
development. A chromosome is a highly compact nucleoprotein complex organized 
by DNA-binding architectural proteins. Typically, a eukaryotic cell (cells with nuclei 
such as those found in plants, yeast, and animals) possesses multiple large linear 
chromosomes within the cell’s nucleus (Figure 1.4).  
 
 
Figure 1.4 The common and different features of prokaryotic and eukaryotic cells. (Figure 
adapted from (8)) 
 
Eukaryotic cells employ an ingenious packaging system that is to wrap DNA 
around structural proteins called “histones”, resulting in formation of nucleosomes. 
With the assistance from other nucleosome binding proteins, the nucleosome array is 
further organized into highly compact chromatin (9). During mitosis and meiosis, 
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chromosomes, which are composed of chromatin, become increasingly condensed 




Figure 1.5 Chromatin and condensed chromosome structure. In eukaryotes, chromosomal 
DNA molecules are packed into nucleosomes by histone proteins and then further organized 
into chromatin by scaffold proteins. During cell division, chromatin is condensed further and 
results in the classic four-arm structure that is visible under the microscope. (Figure adopted 
from (10)) 
 
Meiosis is a key process in sexual reproduction. In this process, DNA 
molecules originating from two different individuals (parents) join up (chromosome 
pairing) so that homologous sequences are aligned with each other, and this is 
followed by exchange of genetic information (a process called genetic recombination) 
to ensure genetic diversity of the offspring. Unlike mitosis, chromosomes in meiosis 
shuffle the genes and undergo a recombination that results in a different genetic 
combination in each gamete (Figure 1.6). Several architectural proteins mediate 
chromosome pairing during meiosis, however, how they perform their function 
through DNA binding remains unclear. To address this, in one of my Ph.D research 
projects, DNA binding properties of a protein called Hop1 were studied to explore its 
key role in mediating chromosome pairing in Saccharomyces cerevisiae (yeast) that 
will be discussed in Chapter 5. 
DNA packaging in prokaryotic cells is different from that in eukaryotic cells 
because prokaryotes do not have defined nuclei as eukaryotes. Furthermore, 
prokaryotes often have a shorter chromosomes, usually arranged in a circular form 
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with DNA tightly coiled on itself, accompanied by one or more smaller circular DNA 
molecules called plasmids. Instead of packaging chromosomal DNA into chromatin 
like eukaryotic cells, their DNA is organized into a structure called nucleoid by a 
number of non-histone DNA binding proteins that will be discussed in later sections. 
 
    
Figure 1.6 The meiotic cell cycle. Prior to meiosis, chromosomes condense and homologues 
pair up or synapse followed by crossover (chiasma formation). Then, homologue 
chromosomes align themselves and each chromosome is drawn to the opposite end of the cell, 
referred to as meiosis I. A second division occurs resulting in four haploid cells and this 
process is referred to as Meiosis II. (Figure reproduced from(11))  
        
                       
1.3 Gene expression and gene silencing  
 
 Chromosomal DNA encodes the vast majority (and sometimes the entirety) of 
an organism's genetic information. Genes are sections of DNA that contain the 
instructions for making proteins. Each gene encodes a specific protein, which is 
transcribed by RNA polymerase (RNAP) and finally translated into protein by 
ribosome (the central dogma, Figure 1.7).  Once the polypeptide chain is produced, 
the three-dimensional structure of the protein will form subsequently through a 
process called protein folding. The whole process of conversion of the information 
encoded in a gene first into messenger RNA (mRNA) and then into protein is termed 
as “gene expression”. Genes are expressed only when they are needed for cellular 
functions. Therefore, the abundance of genes is tightly controlled through regulation 
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of gene expression. The expression level of many genes are suppressed through gene 
silencing, which is of great importance as proteins are critically involved in the proper 




Figure 1.7 The central dogma of molecular biology. There are two steps for producing a 
corresponding protein: transcription and translation. Transcription occurs in the nucleus of the 
cell resulting in the formation of a copy of the information encoded in a gene in the form of 
messenger RNA (mRNA) with the help of RNA polymerase. The mRNA subsequently 
travels out of the nucleus, and the genetic information it carries is used to produce a specific 
protein with the help of ribosome and transfer RNA (tRNA), a process known as translation. 
Once the protein is produced, it will adopt a three-dimensional structure through folding. The 
whole process of conversion of the information encoded in a gene first into mRNA and then 






1.4 DNA binding modes of nucleoid-associated proteins (NAPs) and 
their regulatory functions in bacteria 
 
The bacterial nucleoid contains approximately a dozen nucleoid-associated 
proteins (NAPs). In addition to organizing the bacterial nucleoid, those NAPs also 
have impact on gene expression either positively (transcription enhancers) or 
negatively (gene silencers).  
In Escherichia coli (E.coli), the nucleoid exhibits a “protein-crosslinked 
elastic filamentous” conformation in all growth conditions (13). It is made up of 
randomly moving, supercoiled domains at short scales (< 0.1 µm), but a self-adherent 
nucleoprotein complex at longer length scales, which would most likely be mediated 
by NAPs. It has long been known that the relative abundances of major NAPs vary in 
different growth phases (14-18). In the exponential growth phase, the most abundant 
NAPs in E. coli cells are Fis (factor for inversion stimulation), HU (heat unstable 
nucleoid protein), and H-NS (histone-like nucleoid structural protein); while in the 
transition from the exponential phase to the stationary phase, IHF (integration host 
factor) becomes the second-most abundant NAP and in the stationary phase, whilst 
Dps (DNA-binding protein from starved cells) is the most abundant NAP. The 
localizations of some of the NAPs on the nucleiod in E. coli were recently visualized 
using super-resolution fluorescence techniques in vivo at the early exponential phase 
(19). H-NS forms a few compact clusters within each cell. In contrast, HU, Fis, and 
IHF form largely scattered distributions throughout the nucleoid. These proteins work 
collectively to regulate the cell in the different growth phases.  
The NAPs bind to DNA through different modes, which are directly related to 
their functions. Different NAPs employ different mechanisms of DNA recognition 
and organize DNA into different conformations (Figure 1.8). IHF and HU bind to 
DNA non-cooperatively causing DNA bending (20) at low protein binding density. 
While at high protein binding density, IHF can crosslink DNA causing DNA 
condensation in the presence of a physiological concentration of magnesium (21) and 
HU can cause DNA stiffening (20). Fis bends and mediates DNA looping (22, 23). H-
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NS family proteins (H-NS and StpA in E. coli) bind to DNA cooperatively, leading to 
formation of rigid nucleoprotein filaments. H-NS may also mediate DNA bridging 
and higher order structures depending on buffer conditions, in particular the 
magnesium concentration (24-27). Dps-DNA complexes showed highly ordered and 
tightly packed Dps-DNA co-crystals (28). Within nucleoids condensed by Dps, the 
genomic DNA is effectively protected by means of structural sequestration, and the 
sequestration of macromolecules in crystalline assemblies provides an efficient means 
for protection (29). Due to the different DNA binding properties of the NAPs (Figure 




Figure 1.8 Binding modes of various Gram-negative bacteria NAPs. (a) IHF proteins bend 
DNA. (b) HU proteins stiffen circular DNA at high protein concentration. (c) Fis causes DNA 
looping. (d) H-NS proteins fold DNA in high magnesium concentration. (e) Dps self-
aggregates when associated with DNA (Figures revised from (30) ). 
 
E. coli is a species of Gram-negative bacteria whose cell wall is composed of a 
single layer of peptidoglycan surrounded by a membranous structure called the outer 
membrane. In contrast, a Gram-positive bacterium has a cell wall consisting of 
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several layers of peptidoglycan, which makes Gram-positive bacteria more resistant to 
antibiotic treatment. Compared to Gram-negative bacteria, the nucleoid architecture 
of Gram-positive bacteria is much less understood.  
Mycobacterial tuberculosis (M. tuberculosis or Mtb) is classified as an acid-
fast Gram-positive bacterium, which causes millions of death each year. NAPs in 
mycobacteria have been discovered only recently, largely due to poor sequence 
similarities with histone-like proteins or NAPs of E. coli and other bacteria. In Mtb, 
only a few NAPs have been identified, including MDP1 (mycobacterial DNA-binding 
protein 1), mIHF (mycobacterial integration host factor), Lsr2, EspR, and GroEL1 
(31-36). These NAPs lack sequence homology to E. coli NAPs, making it difficult to 
predict their functions by sequence comparison with E. coli NAPs. Of the 
mycobacterial NAPs identified so far, Lsr2 is identified as an E. coli H-NS like 
protein based on its capability to complement an H-NS deleted E. coli strain (37). 
Further, it employs a similar DNA binding mode to E. coli H-NS to form a rigid 
nucleoprotein structure on extended DNA (38). In addition, it was reported that EspR 
is able to bridge DNA and GroEL1 is able to condense DNA by recent in vitro studies 
(35, 39). However, the binding modes of Mtb NAPs remain largely unknown.  
 
1.5 Gene-silencing by H-NS and anti-silencing by antagonizing 
proteins 
 
H-NS, one of the NAPs (40) has received much attention in recent years 
because it functions as a global gene silencer in addition to its role in chromosome 
packaging. In E. coli cells, there are around 4000 different protein-coding genes. 
Among which around 400 of them express DNA binding proteins, and about a dozen 
of these are NAPs, each with more than 1000 copies in cells in a growth dependent 
manner (14, 41). H-NS is the only universal transcriptional repressor among all the 
NAPs. It is present in approximately 20,000 copies per genome with a molecular mass 
of ~15 kDa. H-NS is mostly well known for repressing gene expression by binding 
cooperatively to adjacent promoter regions. ChIP-on-chip studies have shown that H-
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NS prefers to bind to the AT-rich portions of the genomes of Salmonella 
Typhimurium (S. Typhimurium) (42, 43) and E. coli (40, 44). The negative effects of 
H-NS on transcription are pervasive and extend throughout the bacterial genome. In 
the order of 5-10% of the total genome is regulated by H-NS in E. coli (41, 45, 46) 
and S. typhimurium (47-49). Deletion of H-NS results in the expression of more than 
1000 genes. Thus H-NS suppresses more than a quarter genes of the cell genome and 
globally regulates transcription related events for several Gram-negative pathogenic 
bacteria such as Salmonella, E. coli and Yersinia (44, 50).  
H-NS has three structural components: an N-terminal domain from residue 1 
to 65 which controls oligomerization activity; a carboxyl-terminal domain (C-
terminal) from residue 90 to 137 which controls nucleic-acid-binding activity; and a 
flexible linker that connects the two domains (41, 51) (Figure 1.9). The C-terminus 
binds to DNA preferentially at AT-rich regions, while the N-terminus oligomerization 








Figure 1.9 Solution structures of H-NS. Left two figures are the two structures of the H-NS 
oligomerization domain (N-terminal): parallel, shown in the upper left, and anti-parallel, 
shown in the lower left. The right figure is the H-NS DNA-binding domain (C-terminal). 
(Figures from the Research Collaboratory for Structural Bioinformatics (RCSB) protein data 
bank.) 
 
Both functions of H-NS, DNA packaging and gene silencing, rely on how it 
interacts with DNA. In 2000, Dame et al using AFM imaging visualized H-NS/DNA 
interaction and they found H-NS can fold DNA into hairpin structures (52). Based on 
this finding, H-NS was considered as a DNA-bridging protein. However, in a single-
DNA stretching experiment in 2003, another group found H-NS could not fold DNA, 
instead, it made DNA more rigid (53). These contradicting results were reconciled by 
a later finding that H-NS in fact has two distinct DNA binding modes; a DNA-
stiffening mode due to formation of a linear rigid nucleoprotein filament on DNA 
through H-NS polymerization, and a DNA bridging mode which can fold DNA into a 
hairpin configuration. The two modes can be switched from one to the other by 
changing the divalent ion concentration (24). Figure 1.10 shows the distinct DNA 
conformations organized by H-NS in the respective binding modes.   
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Figure 1.10 Two H-NS DNA-binding modes: Stiffening mode (A, C) and Bridging mode (B, 
D). (A) AFM image of H-NS-DNA rigid nucleoprotein complex in buffer 50 mM KCl, 0 mM 
MgCl2, 10 mM Tris 7.4 and 600 nM H-NS with an illustration of stiffening mode (C); (B) An 
AFM image of H-NS-DNA complex in buffer 50 mM KCl, 10 mM MgCl2, 10 mM Tris 7.4 
and 600 nM H-NS with bridging mode illustration (D). The brighter regions in the AFM 
images indicate where H-NS is bound to the DNA, and the dimmer regions indicate the naked 
DNA regions. With different Mg2+, H-NS-DNA complexes exhibit totally distinct formation: 
(A, C) show the rigid nucleoprotein filament suggesting that H-NS can polymerize along the 
DNA. (B, D) show hairpin and looping DNA structures with almost anti-parallel (D left) and 
almost parallel (D right) conformation. (AFM images are from (24)) 
 
How these two H-NS DNA-binding modes are related to its cellular functions 
is unclear. Based on the earlier observation that H-NS is a DNA-bridging protein, a 
possible mechanism of H-NS’ gene-silencing function was proposed in which RNAP 
might become trapped by formation of DNA hairpins (52). Although this view was 
supported by AFM imaging showing RNAP located at the apex of the DNA hairpin 
(52), it is unclear from static AFM imaging whether RNAP is passively trapped in the 
hairpins or whether they can still translocate. 
Based on the new finding that H-NS can form rigid filamentous nucleoprotein 
structure on dsDNA in a physiologically relevant concentration range of magnesium 
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(1-4 mM) (24), our group has been investigated the potential role of the stiffening-
binding mode of H-NS in gene silencing. Two possible mechanisms have been 
proposed: H-NS filaments may prevent DNA being accessed by other proteins 
including RNAP, thereby causing gene silencing. Alternatively, a continuous protein 
filament on DNA suggests the possibility of it functioning as a physical barrier to 
block translocation of RNAP along DNA (27). These two potential gene-silencing 
mechanisms based on the stiffening-binding mode of H-NS are depicted in Figure 
1.11 a-b. We note that in the physiological magnesium concentration of 1-4 mM, the 
two H-NS binding modes may co-exist (24). Therefore, the bridging formation can 
add additional factors to gene silencing by trapping the RNAP inside the looped 
formation, shown in Figure 1.11 c. 
The possibility that the H-NS nucleoprotein filament may serve as a gene-
silencing structure has been supported by a variety of experimental evidence. It has 
been known that H-NS mediated gene silencing is sensitive to temperature and pH 
changes over physiological ranges. A corresponding sensitivity to these factors was 
observed for H-NS filament formation (24). In more recent work, it was shown that 
negative mutations of H-NS that inhibit its gene-silencing function also lead to loss of 
H-NS filament formation; while positive mutations that maintain H-NS’ gene-
silencing function retain its filament formation capability (27). Further, rigid filament 
formation has been observed for a number of global gene-silencing proteins across 
several bacterial species, suggesting that such filaments may be a conserved universal 
nucleoprotein structure for such “H-NS like” proteins to perform their functions (26, 
38, 54, 55). 
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Figure 1.11 Possible H-NS gene-silencing mechanisms. (a) An H-NS nucleoprotein filament 
is formed, and covers RNAP promoter site, resulting in blocking RNAP accessibility and 
causing gene silencing. (b) The H-NS nucleoprotein filament can also stop RNAP motion on 
the DNA and causing gene silencing. (c) The H-NS nucleoprotein filament can also trap 
RNAP in the DNA hairpin loop to cause gene silencing. (Figure adopted from (27)) 
 
It appears that the H-NS silenced genes in bacteria are tightly regulated. Many 
of the genes silenced by H-NS can be derepressed by a variety of ~40 transcription 
factors hereafter termed H-NS anti-silencing proteins (Figure 1.12) (56). The 
activities of the anti-silencing proteins play crucial roles in activating pathogenic 
genes in Salmonella, E.coli and Yersinia, while their anti-silencing mechanisms are 
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poorly understood.  Essentially, there are two possible ways for anti-silencing proteins 
to counteract H-NS: compete with H-NS protein to bind to DNA, and compete with 
DNA to bind to H-NS. Either way can weaken H-NS-DNA complex and thereby 
antagonize H-NS functions.  
          
 
Figure 1.12 Illustration of the mechanisms by which anti-silencing proteins antagonize H-NS 
silencing system. (a) The open arrow indicates derepression by environment changes such as 
DNA configuration changes (bending, supercoiling). (b) The black arrows indicate 
derepression by H-NS antagonizing proteins in four ways: (c) Protein binds to promoter site 
and prevent H-NS polymerization. (d) Displacement of H-NS. (e) Protein modifies the 
promoter while H-NS is in situ. (f) Displace H-NS and directly activate RNAP for 
transcription. Grey arrows indicate other mechanisms utilized by anti-silencing proteins such 
as weakening the H-NS-promoter complex (g), reducing the effective H-NS concentration 





1.7 Salmonella pathogenesis and the H-NS anti-silencing protein SsrB  
The bacterial pathogen Salmonella Typhimurium (S. Typhimurium) has 
evolved a very sophisticated functional interface with its hosts. The fundamental 
component is a specialized organelle, the type III secretion system (TTSS) (Figure 
1.13) that delivers bacterial effector proteins into host cells (57-59) so as to modulate 
host cell processes such as signaling, membrane trafficking and cytoskeleton 
dynamics to promote virulence. S. Typhimurium encodes two TTSSs located in 
discrete regions of its chromosome (pathogenicity islands). One is within the 
pathogenicity island 1 (SPI-1) at centisome 63 of the chromosome (60) and the other 
is within the pathogenicity island 2 (SPI-2) at centisome 31 (61). Both SPI-1 and SPI-
2 are horizontally acquired, AT-rich, coding a number of effector proteins needed for 
S. Typhimurium pathogenesis (61-67). These regions are preferable regions for H-NS 
binding; thus the pathogenicity genes are thereby silenced by H-NS.  
 
Figure 1.13 The TTSS of S. typhimurium. The left two figures are transmission electron-
micrographs of isolated TTSS needle complexes. Each needle is around 70 nm in length. The 
right hand figure is an illustration of TTSS penetration through host cell membrane and 
injection of bacterial protein. (Images from (68). Illustration from (69)) 
 
 22 
SsrB is one of the critical H-NS anti-silencing proteins (Figure 1.12) in 
salmonella that positively regulates the expression of diverse virulence genes. The N-
terminus of SsrB contains the site of phosphorylation and the C-terminus consists of a 
DNA-binding domain. Dimerization occurs upon DNA binding and is required for 
subsequent transcriptional activation. It’s been reported that the isolated C-terminal 
domain SsrBC (75 amino acid residues) alone can function as a transcription factor in 
vivo (70). The structure of the SsrBC has been solved by NMR, which consists of a 




Figure 1.14 The structure of SsrBC. Four well-folded alpha-helices encompassing residues 
143–212. The location of the four alpha-helices from the SsrB three-dimensional structure are 
labeled H1–H4. The N and C termini are indicated (71). 
 
SsrBC  bound to DNA has been modeled based on the DNA binding structures 
of its homologues (71). The residues predicted to be involved in SsrB-DNA 
interactions are Lys179, Thr183, and Met186 (indicated in Figure 1.15A). In another view, 





Figure 1.15 Three-dimensional model of SsrBC bound to DNA. A) Predicted base contacts 
Lys179, Glu182, and Thr183 are indicated. Amino acids Thr198 and Asn202 are also indicated here 
because they are the likely dimerization residues. B), in a different view, the potential DNA 
contact with amino acids Val197 and Leu201 are indicated (71). 
 
SsrB regulates transcription of multiple operons with diverse architectures 
within SPI-2 (72) and additional genes located elsewhere on the chromosome (73, 
74). SsrB binds upstream of those effector genes (sifA, sifB and sseJ) and directly 
regulates transcription, which is necessary for infection of Salmonella. Its function 
relies on its ability to anti-silence these virulence genes that are otherwise silenced by 
H-NS. Due to its importance in pathogenesis, it is crucial to understand how it 
antagonizes H-NS mediated gene silencing.  
One of the main purposes of this thesis is to provide new insights into the 
mechanism that SsrB employs to counteract H-NS mediated gene silencing. Because 
SsrB is a DNA binding protein, my working hypothesis is that it may destabilize H-
NS DNA-binding through direct competition with H-NS for DNA binding. In this 




1.8 Pathogenic Gram-positive bacterial and current understanding of 
their nucleiod structuring proteins — Mtb protein MDP1 and mIHF 
 
Mycobacterial disease is a major health problem both in developed and 
developing countries. Mtb causes millions of death every year (75). It infects one 
third of the human population, but less than 10% of infected hosts develop into 
progressive diseases (76). This marks a very important feature of tuberculosis, i.e. 
pathogenic species of mycobacteria are the slowest growers among bacteria. 
Intracellular bacteria are able to survive inside eukaryotic cells and be quiescent for a 
long period of time, referred to as a dormant state.  
Despite a wealth of research has been done on Mtb, the mechanism of how 
Mtb controls its growth rate remains a mystery. The growth of bacteria is controlled 
by the cellular processes of DNA replication, cell division and gene expression. The 
physical organization of the chromosomal DNA of bacteria has a major impact on all 
these processes. In bacteria, the large chromosome DNA is organized into tightly 
folded DNA-protein complex by NAPs, referred to as the nucleoid. By controlling the 
nucleoid structure, these NAPs play important roles in regulating these cellular 
processes and bacterial growth.  However, little is understood about the changes in 
gene expression brought about by the mycobacterial NAPs during the infection or its 
ability to persist in hostile host environments.  
H37Rv, the complete genome sequence of the best-characterized strain of 
Mtb, was determined in 1998 (77). The genome comprises 4,411,529 base pairs, 
containing 3959 genes. One of the well-known genes, ORF Rv2986c (hupBMtb) 
produces a protein that belongs to the histone like family and referred to as 
mycobacterial DNA binding protein (MDP1) or histone like protein (HLPMt). MDP1 
(21.3 kDa) is an NAP constituting 7–10% of the total protein in Mtb (78). It consists 
of 205 amino acid residues and contains large amounts of alanine (23.78% of total 
amino acids) and lysine (18.93%), with an isoelectric point of 12.4. The strong basic 
nature of MDP1 results in nonspecific DNA binding, with a preference to AT rich 
regions in the genome (79). Importantly, MDP1 is conserved in all mycobacterial 
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strains, and its expression was found accelerated in stationary growth phases (78). It 
also has been shown to regulate the rate of mycobacterial growth (80, 81). 
Crystal structure Analysis of N terminal region of MDP1 shows it contains the 
dimerization domain and DNA binding domain (Figure 1.16) (Bhowmick et al, to be 
published).  
 
Figure 1.16 Dimerization formation of MDP1 N terminal domain (From Protein data bank). 
 
Mycobacterial integration host factor, mIHF (gene name: Rv1388) is another 
major NAP identified in Mtb, which is required for the integration of 
mycobacteriophage L5 (31, 82). mIHF is a 105-residue heat-stable polypeptide. It is 
most abundant prior to entry into the bacteria stationary phase (81); Recent analysis of 
the mycobacterial proteome puts mIHF as the third most abundant protein in 
mycobacteria (83) highlighting its importance. Despite its name and its function as an 
integration host factor, mIHF is unrelated at the sequence level to IHF in E. coli (31).  
mIHF has more than 20 per cent of its amino acid content comprising of 
lysines and arginines. mIHF-80 is made by a construct that yields a protein product 
lacking the first 79 amino acids of putative full length mIHF. A CD analysis of mIHF-
80 has been reported recently (84) which shows mIHF-80 is a globular, folded protein 
(Figure 1.17). Also, mIHF appears to be primarily alpha-helical with its content more 
than 85% that of the total secondary structure of the protein). Those features suggest 
mIHF is a DNA binding protein. 
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Figure 1.17 CD analysis of mIHF-80 reveals its high content of alpha-helices  
(84). 
 
Using atomic force microscope and magnetic tweezers, both the roles of 
MDP1 and mIHF as potential candidates in DNA packaging and gene regulation in 
Mtb were studied in detail in this thesis.  
 
 
1.9 Chromosome synapsis during meiosis 
 
As mentioned in section 1.2, meiosis is the process of cell division required 
for sexual reproduction. The two sequential cell divisions in meiosis are accordingly 
divided into two stages (Figure 1.18): meiosis I and II. The prophase I of meiosis I is 
highly regulated and can be subdivided in five cytological stages: leptonema 
(replicated chromosomes begin to condense), zygonema (chromosomes continue to 
condense, and start pairing with homologous chromosomes), pachynema 
(chromosomes are fully synapsed known as tetrads), diplonema (chiasmata are 
formed by crossing over of chromosomes) and diakinesis (chromosomes separate, and 
 27 
the chiasmata terminalize after proceeding to the end of the chromatids) (85). At the 
end of these stages, chromatids that engaged in crossing over possess exchanged 
genetic material.  
During these stages, a large zipper-like protein complex called the 
synaptonemal complex (SC) plays a key role in forming the synapsis of the 
homologous chromosomes (86, 87). The pairing of homologous chromosomes, 
assembly of the SC, and crossover recombination are all crucial for the formation of 
chiasmata, which is essential for gene exchange between the maternal and paternal 
cells. This crossover recombination process is termed homologous recombination, 
which is the key for variability and diversity of offspring. Incorrect assembly of the 
SC leads to impaired recombination and cell death. For example, in humans, failure to 
assemble the SC causes infertility in males (88, 89) and a high aneuploidy rate in 
females (90, 91).  
 
 
Figure 1.18 Illustration of prophase I stages in meiosis I: Leptonema, Zygonema, Pachynema, 
diplonema and Diakinesis. The synaptonemal complex plays an important role during these 
stages, including synapsis of homologous chromosomes, crossover recombination and 
forming the chiasmata.  (Figure from 1999 John Wiley and Sons Inc) 
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As seen with the electron microscope, the SC consists of a central element 
(CE) flanked by two dense lateral elements (LE) that lie about 100 nm apart and are 
interconnected by transverse filaments (92) (Figure 1.19). It has been indicated that 
the recombination events that occur within the context of the SC generate stable 
chiasmata and are also capable of facilitating proper disjunction (93, 94). 
 
 
Figure 1.19 Structure of the synaptonemal complex. Left; electron micrograph and right; 
graphic illustration. The SC holds together synapsed homologues during Meiosis I and helps 
in crossing over later on. A protein central element (CE) is flanked by two lateral elements 
(LE) that associate with chromatin fiber. The SC has a very tight structure and keeps the 
homologous chromosomes in close proximity. (Figure from (95)) 
 
Characterization of the full components of SC proteins and their functional 
significance requires much further investigation. Only a few components of LE have 
been described in yeast, mammals, plants, and Caenorhabditis elegans.  Hop1 is a 
protein found in yeast that colocalizes to the axial cores of meiotic chromosomes and 
is required for homologous chromosome synapsis as well as chiasma formation (96-
99). In Saccharomyces cerevisiae, Hop1 protein is found as one of the known main 
components in the SC, which is associated with the SC and is a structural component 
of LE (96). It is known as a DNA binding protein and it may play roles in assisting 
chromosome synapse formation by mediating alignment between homologous DNA. 
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Despite its importance, the structure of Hop1 is currently unknown and the functions 
and mechanisms of it are unclear.  
As one of my Ph.D projects, DNA organization by Hop1 was investigated 
with magnetic tweezers, which revealed tight DNA condensation by Hop1 in a zinc-
dependent manner. Results from this study provide new insights into the potential 




1.10 Objectives of this study 
 
During my Ph.D, I focused on studies of proteins that relate to chromosome 
associated biological processes. Namely: NAPs for their cellular functions such as 
chromosome packaging and gene regulation, and Hop1 that is involved in 
homologous chromosomal exchange in meiosis.   
The NAPs I have investigated are from both Gram-negative and Gram-
positive bacteria. In Salmonella (Gram-negative bacterium), the regulatory interplay 
between H-NS mediated gene-silencing and SsrB mediated anti-silencing was 
addressed in detail. The result of this study reveals an important mechanism that SsrB 
only antagonizes H-NS in its filamentous form. This is also the form that serves as a 
fundamental structure for H-NS and H-NS like protein mediated gene silencing.  
In Mtb (acid-fast Gram-positive bacterium), two NAPs: MDP1 and mIHF 
were found to be able to organize DNA into tight condensates; suggesting their 
responsibility for the chromosome packaging. 
Finally, in Saccharomyces cerevisiae (eukaryotic cell), Hop1 plays a crucial 
role in meiosis; it synapses DNA into a stable formation in a zinc dependent manner. 
Overall, my studies have provided important insight of four DNA binding 







1.11 Organization of this thesis 
 
Chapter 1 introduces the DNA basic structure and DNA polymer physics 
followed by the WLC model that is used to determine the random-coiled size of the 
DNA. The ratio of DNA coiled volume to prokaryotes and eukaryotes are calculated 
respectively in order to emphasize the necessity of chromosomal DNA packaging. 
The different packaging mechanisms in eukaryotes and prokaryotes are then reviewed 
together with the biological processes that condensed chromosomes undergo. Further, 
different DNA-binding modes and DNA regulatory functions of NAPs are discussed 
both in Gram-negative and Gram-positive bacteria. One of the NAPs, H-NS is then 
highlighted for its gene-silencing function and leads to its antagonizing protein SsrB 
from Salmonella. SsrB, one of my Ph.D projects, is then introduced from a biological 
perspective: its pathogenesis, and its anti-silencing function, followed by another two 
proteins found in Mtb with functions in organizing the mycobacteria chromosomes. 
Lastly Hop1, which functions in DNA-synapsis to aid homologous recombination in 
meiosis, is introduced. At the end of this chapter, the objectives of this thesis are 
explained. 
Chapter 2 introduces two single-molecule techniques that are mainly used in 
my Ph.D study; magnetic tweezers and atomic force microscopy (AFM). The 
magnetic tweezers setup, DNA force calibration, data analysis, single-DNA 
determination and DNA force response with and without protein are introduced one 
by one. The AFM setup components, AFM imaging principles, and mica surface 
modification are discussed. 
Chapter 3 shows the results of my study of SsrB anti-silencing function. It is 
shown that SsrB only antagonizes H-NS in its filament mode, which is also the 
structural basis for H-NS gene silencing. The important biological insights are also 
discussed in this chapter. 
Chapter 4 reports the results of my study of MDP1 and mIHF proteins. A 
model for their chromosomal packaging mechanisms is proposed based on the 
experimental data. Further discussions regarding their potential roles in mycobacteria 
growth control and dormancy regulation are also presented. 
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Chapter 5 demonstrates the results of my study of Hop1 protein. The results 
show consistency of the DNA-binding features of Hop1 with earlier AFM imaging 
results and have great value for understanding the SC component function. 




CHAPTER 2: Methods and materials 
2.1 Single molecule manipulation 
Single-molecule approaches have revolutionized our ability to probe the 
mechanisms of biological reactions that are hidden in ensemble studies. My projects 
are concerned with protein molecules and their interactions with DNA in real-time 
reactions and the dynamics of their DNA-binding. Therefore, my objective of finding 
the characteristics of protein binding to single DNA molecules needs the aid of single-
molecule manipulation.  
During the last twenty years, single molecule manipulations have brought 
about a huge revolution in the biophysics field (100, 101), allowing biophysicists to 
determine a wide range of biomolecular properties such as the elastic behavior of 
DNA molecules that my research projects are based on. A single-molecule 
manipulation experiment investigates the properties of individual molecules. 
Measurements on an ensemble or bulk collection of molecules reveal only average 
chemical kinetics (and often require many assumptions such as equilibrium, as in the 
Michaelis-Menten scheme (102)). In contrast, single-molecule experiments can 
manipulate individual molecules, and characterize single molecule behavior. In a 
typical experiment, the biomolecule is attached to a micromanipulator that works like 
the spring of a dynamometer; after measuring the stiffness of the spring, forces are 
deduced from extension measurements. The first single-molecule techniques emerged 
in the 1990s from fluorescence-based methods for probing various processes on the 
level of individual molecules. Many single-molecule techniques for investigating 
individual molecules were developed thereafter; examples of micromanipulators 
include atomic force microscopy cantilevers (103, 104), glass fibers (105, 106), 
biomembrane force probes (107, 108). The most wildly known single molecule 
manipulation methods use micron-sized beads held by optical tweezers (101, 109, 
110) and magnetic tweezers (2, 111). For measuring biological forces, the typical 
extensions that need to be detected are consequently a few nanometers; a distance that 
is also characteristic of the step-size of molecular motors (112).  
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Currently, the three most widely used single-molecule experimental methods 
are magnetic tweezers, optical tweezers, and atomic force microscopy (AFM). They 
are the foremost tools for imaging, measuring, and manipulating matters at the 
nanoscale. Magnetic tweezers are able to exert forces and torques on individual 
molecules or groups of molecules via a pair of magnets. It can be used to study 
mechanical properties of biological macromolecules like DNA and proteins under 
tensile strength. Optical tweezers manipulate nanometer and micron-sized dielectric 
particles via a highly focused laser beam. Forces are applied on particles by the laser 
light along the direction of beam propagation. AFM techniques allow 3D 
visualization of polymer chains such as DNA molecules and DNA-protein complexes. 
Although optical tweezers are compatible with optical imaging, the laser beam may 
unintentionally interact with other particles in the biological sample due to contrasts 
in the refractive index and in addition to that, the laser may cause photodamage and 
sample heating. Magnetic tweezers, in contrast, interact specifically with 
superparamagnetic microbeads and the magnetic field practically does not affect the 
sample. Therefore, magnetic tweezers and AFM are chosen to be the main 
experimental methods for my Ph.D projects. In the following sections, the 
mechanisms of the magnetic tweezers and AFM techniques will be discussed in 
detail. 
 
2.2 Magnetic tweezers and its application to DNA measurements 
2.2.1 Magnetic tweezers setup 
Force plays a fundamental role in biological processes. From cellular motility 
to the replication and segregation of chromosomes, molecular-scale forces drive 
biological motion. Magnetic tweezers possess a pair of magnets producing a strong 
field gradient that is used to exert a force on a paramagnetic bead. The force is varied 
by modulating the position of the magnets relative to the bead. Such a magnetic 
tweezers setup allows the probing of the mechanical properties of a single DNA 
molecule. For that, DNA molecules of interest are flushed into a flow chamber, 
usually a small glass channel filled with buffer (Figure 2.1).  
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Figure 2.1 Glass channel for magnetic tweezers experiment. Illustration of a glass channel 
with the side view of the modified coverslip position arrangement in the dash rectangle. 
 
In order to specifically attach one end of each DNA molecule to the edge of 
the glass coverslip, the glass surface is functionalized with streptavidin (113). In this 
thesis, the DNA molecules employed were !-DNA molecules (48,502 bp, New 
England Biolabs), which contain two 12-nt sticky ends. The sticky ends were labeled 
with biotin-oligonucleotides using a ligation reaction (114). When biotin-labeled 
DNA molecules were flowed into the channel with the coated coverslip, they attached 
to the edge of the coverslip specifically through streptavidin-biotin ligand reaction. 
After flowing in 2.8 µm streptavidin coated paramagnetic beads (Dynabeads M-280 
Streptavidin, Invitrogen, Singapore), single-DNA tethers were achieved that allow for 
easy changing of buffer solution and the ready application of force (Figure 2.2). These 
DNA tethers permit the DNA molecules to be stretched or relieved by forward or 
backward translation of the magnets.  
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Figure 2.2 Illustration of a DNA tether attached to the edge of a modified coverslip in an 
experimental channel (top images) and the screenshot of a LabVIEW control software 
captured image during one of the magnetic tweezers experiments (lower right image). 
 
Magnetic tweezers intrinsically apply a constant force to a molecule whose 
extension varies in response to this stress. In order to measure the DNA extension at a 
given force, the x, y, z position of the magnetic bead is determined in real time from 
video images of the bead using smart image analysis and computational algorithms. 
To create an adjustable magnetic field, a pair of permanent magnet are fixed and 
controlled by a micro-manipulator (Figure 2.3). Force is therefore applied to the DNA 
tethers through the attached paramagnetic bead. A 40" microscope objective is used 
to image the tethered bead onto a CCD camera (Pike F-032, Allied Vision 
Technologies, Germany) at ~100 frames per second. Home-written LabVIEW 
software (National Instruments, US) is used to track the paramagnetic bead. In this 
setup, constant force can be applied over a wide range from 0.01 pN to 200 pN. High 




Figure 2.3 Magnetic tweezers setup. (a) The experimental system used in this thesis. (b) 
Close-up picture of the micro-manipulator. (c) Close-up picture of the flow channel system. 
 
 
2.2.2 Coverslip functionalization   
The edge of the functionalized coverslip in the channel is the key for the 
attachment of DNA molecules. The functionalization process is shown in the diagram 
below (Figure 2.4). The coverslips used in the thesis projects were #0 with 25 mm 
width. Before commencing the functionalization process, the coverslip edge must be 
polished. This is important to achieve a good image in the camera and thus obtain a 
reliable measurement of the length of the DNA molecules (since the program 
recognizes the DNA extension as the distance between the centroid of the bead and 
the coverslip edge). Failure to polish the coverslips smoothly will result in a rough 
edge and produce thick shadows under the microscope white light. The shadow will 
shorten the working distance of the DNA molecule because that the LabView 
program recognizes the position of the bead through color contrast. 
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Figure 2.4 Steps in the glass coverslip functionalization protocol. 
 
After polishing, the coverslips are firstly cleaned with detergent and then 
immersed in methanol or acetone for 15 minutes with sonication. This ultrasonic 
cleaning will separate the particles loosely adhering to the coverslip surface. 
Secondly, the cleaned coverslips are subsequently boiled at a temperature of 110 °C 
for at least one hour in the piranha solution which contains a mixture of concentrated 
sulfuric acid (H2SO4) with hydrogen peroxide (H2O2) in a ratio of H2SO4: H2O2: 
H2O=1:1:4. Piranha solution is used to remove organic residues from the coverslips 
and more importantly, to hydroxylate the glass edge for subsequent coating. After the 
piranha solution has cooled down to room temperature, the coverslips are then 
transferred to deionized water for thorough rinse and sonication.  
Following the preparation steps described above, the coverslips are chemically 
coated by firstly, silanization: at this step, the edge of the coverslips are incubated in 
methanol solution which contains 0.1% APTES for one hour at room temperature. 
During this incubation, APTES coats the coverslip edge through covalent bonds to the 
hydroxyl groups on the edge surface. After the incubation, further cleaning of the 
coverslips proceeds in which the coverslips are sonicated in methanol at least three 
times, each time for 10 min, to remove all the excess crosslinked APTES polymers 
formed on the edge. This step is crucial because if DNA molecules attach to the 
APTES crosslinking structure, the crosslinking will typically partially peal off from 
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the surface with the DNA molecules under force and erroneously contribute to the 
extension of the DNA. The layer of APTES coating on the coverslips edge is followed 
by glutaraldehyde coating which involves incubation of the coverslips in the 1" 
phosphate buffered saline (PBS) buffer that contains 5% glutaraldehyde at 4 °C for at 
least 4 hours. This layer of coating is through covalent bonding of glutaraldehyde 
with APTES. The edge surface is next coated with streptavidin for tethering biotin 
labeled DNA molecules. To do that, the coverslip edge is incubated with 1" PBS 
buffer with streptavidin at a concentration of 0.02 mg/ml at 4 °C for at least 8 hours or 
overnight. Streptavidin is then replaced with 2% bovine serum albumin (BSA) buffer 
for storage of the coverslips at 4 °C.  
 
2.2.3 Force Calibration 
The bead and the flexible DNA molecule are in permanent motion (Brownian 
motion) due to frequent collisions with surrounding water and solvent molecules. We 
can derive the force acting on the bead due to Brownian motion. The Brownian 
motion of the bead reduces as increasing magnetic force is exerted on the bead. 
Mathematically the bead-DNA configuration can be described as an inverted 
pendulum (Figure 2.5).  
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Figure 2.5 The inverted pendulum representation of the bead-DNA configuration. A restoring 
force (Flateral), which is proportional to small displacements, always tends to bring the bead 
back to equilibrium (upright stretched DNA). Similar to a spring with a spring constant !, 
which is in this case F/l.  
 
The bead attached to a single DNA behaves as an inverted pendulum 
immersed in a thermal bath at temperature T. The analysis of the horizontal Brownian 
motion of the particle permits measurement of the stretching force (100). More 
precisely, the bead-positioning software determines the DNA extension l and the 
particle transverse fluctuations y. Force F is along the x-direction, and the movement 
of the bead can be treated as harmonic oscillation with a spring constant ! which is 
equal to F/l. Applying the Equipartition theorem, the magnetic force F may then be 
evaluated through the simple formula, 
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F = kBTly2 =
kBTx




where x is the extension of the tether with a direction along the force. It is 
approximately equal to l for small values of angle ". The mean square displacement in 
y is <y2>, and #y2 is the variance of thermal fluctuations in the direction perpendicular 
to the magnetic field lines. <y2> and #y2 are equal here because the average of the 
fluctuation is zero.                                                                                                                                                                                                                 
According to this simple equation, the force acting on the DNA can be 
deducted from the magnet position and thereby calibrate the system. Thus through 
measurements of the y positions and the length of the DNA for different magnet 
positions, with the determination of the mean square y, the force for each magnet 
position can be calculated. As the force decays exponentially with the distance of the 
magnets from the flow cell, it is possible to also interpolate forces for magnet 
positions. 
It is of importance to determine the necessary measurement time at each force 
to correctly measure #y. The particle that diffuses in a harmonic potential well has a 
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(16)  
where %=6&'r is the viscous friction coefficient of the bead and is dependent on the 
shape and size of the bead of interest. ' is the viscosity of the fluid and r is the radius 
of the bead. ! equals to F/l that is a parameter in the inverted pendulum. Substitute 








2 ,             
! 
(17)  
To get an accurate #y, we need the measurement time t >> $. Therefore, from 
the above equation, the smaller the force applied on the bead, the longer time we need 
to measure for the correct #y. For instance, the diffusion time $ for a (-DNA (16.9 µm 
length) with a 1.4 µm radius bead, is in the range of 1.19 to 0.01 seconds for the force 
range between 0.1 and 20 pN. Hence, in practice, measurements are typically made 




2.2.4 Single-DNA determination 
In theory, as shown in Figure 2.2, one end of a single DNA molecule is 
supposed to attach to the functionalized coverslip edge, and the other end of it to a 
paramagnetic bead through streptavidin-biotin ligand interactions. In practice, there is 
possibility that multiple DNA molecules attach to the same bead (multi-tether bead). 
This results in a longer apparent persistence length than for a single DNA tether. 
DNA is not visible in the imaging system (Figure 2.2). The DNA extension is 
determined by the distance from the centroid of the paramagnetic bead to the glass 
edge. Therefore, single DNA tether is identified as follows: the force-extension curve 
(FE curve) of the DNA molecule is first recorded (note that the force to calibrate the 
DNA should be around 0.1 pN to 10 pN) and then fitted with the Marko-Siggia 
formula to obtain the persistence length. If the value of its persistence length is in the 
range between 44 nm and 53 nm, the measured DNA is determined to be a single 
DNA tether and one can proceed to add protein and start measurements. During all 
experiments DNA extension was kept greater than 2 µm because when DNA 
extension is below that, the bead is either outside of the imaging window or is too 
close to the glass edge that it may bind non-specifically to the surface.  
 
2.2.5 Effects of DNA-binding proteins on FE curves  
For a double stranded DNA, under low force (below 1 pN), DNA molecules 
are rather randomly coiled (Figure 2.6 A top). As force increases, introduced via 
translating the magnets toward the DNA, the DNA will become stretched, leading to 
an increased extension. A typical FE curve of a DNA molecule is shown in Figure 2.6 
B. As mentioned in sections 1.1 and 2.2.3, the WLC model is able to describe the 
energy of a DNA molecule associated with its conformational changes due to force 
and thermal fluctuations. The effective energy of a stretched WLC has a numerical 
result that leads to an approximate interpolation formula that is called the Marko-
Siggia formula (Equation (7)). Using the Marko-Siggia formula, the FE curve can be 
well fit (red curve in Figure 2.6 B). 
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Figure 2.6 Force-extension response of a double-stranded DNA. (A) Increased force applied 
on the DNA results in a more stretched DNA molecule and thus an increased DNA extension. 
The grey spheres are the paramagnetic beads used in our single-DNA stretching experiment. 
Force is applied via a pair of magnets indicated with blue arrows. Thicker arrows represent 
larger forces. The red dots at the DNA ends are biotin molecules that attach the single DNA 
strand to the glass surface and the paramagnetic beads through biotin-streptavidin binding. 
The size of biotin is negligible (illustration not to scale). (B) A typical FE curve of a naked (-
DNA under 12 different forces from ~ 0.1 pN to ~10 pN. The formula inset is the WLC that is 
used to fit the FE curve indicated by the red curve. The FE curve was collected in a buffer of 
50 mM KCl. 
 
In the situation where proteins interact with DNA, the force-extension 
response of the protein-bound DNA is altered with respect to that of the naked DNA. 
The differences introduced by the protein are illustrated in Figure 2.7: a double-







2. When a protein binds to this piece of DNA, two changes will be 
introduced: one is the change of the persistence length of the DNA; A into A'. If A' 
>A, this protein makes the DNA strand stiffer; if A' <A, this protein makes the DNA 
strand softer. The other modification of the double stranded DNA is to change its 
preferred bending angle and this causes DNA bending. Shown in Figure 2.7 b, the 





b cos" #$( )
2
 and its preferred bending angle 
is cos-1γ.  
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Figure 2.7 Schematic models for protein introduced changes on double-stranded DNA. a) A 
protein (red) binds to a DNA segment and changes the DNA persistence length to A'. b) A 
protein binds to the DNA segment distorting and introducing a permanent bend by an angle 
cos-1#.  
 
Protein-bound DNA either adopts a different DNA rigidity or has a different 
preferred bending angle, which lead to different force-extension response than that of 
naked DNA. The examples of FE curves of the protein-bound DNA are shown in 
Figure 2.8. An FE curve typically shifts to lower forces (upwards) due to an increase 
in effective persistence length, and thus reduces the force (f=kBT/Aeffective) needed to 
extend the DNA chain from a random-coil conformation. While presented by the blue 
curve in Figure 2.8, FE curves gradually shift to larger forces (downwards) as protein 
binding bends DNA. More extensive theoretical studies of the protein-distorted DNA 
behavior was performed by Yan et al (111) in which they introduced a discrete model 






Figure 2.8 Effect of protein nonspecifically binding DNA. Red curve is the FE curve of 
double stranded DNA bound by a stiffening protein. The stiffening FE curve shifts upward 
with respect to the naked DNA FE curve. The blue curve is the FE curve of DNA bound by a 
bending protein. The bending FE curve shifts downward relative to that of the naked DNA. 
 
 
2.3 Atomic force microscopy 
AFM (115, 116) was initially invented by Binning and Quate in 1986 to 
overcome the limitations of Scanning Tunneling Microscope (STM) in imaging non-
conductive samples (117, 118). However, the advantages of AFM soon made it a 
widely used tool in biological studies. The image acquired by AFM is from 
constructed from scanning a probe over a sample and measuring the force between the 
probe (cantilever) and the sample surface in each pixel, giving the measurement 
atomic resolution (x,y 0.1 to 0.01 nm. z ~ 0.001 nm). Another important feature is that 
AFM has low requirements for imaging environment and sample preparation; 
imaging can be performed in liquid medium that permits the samples to be analyzed 





2.3.1 Components of AFM  
The AFM device used in this study is the 5500 AFM from Agilent 
Technologies operating in Acoustic AC mode. It consists of four main components 
(Figure 2.9): a video microscope, an AFM scanner, an AFM controller, and a 
computer with a control and display with two monitors. The head of the scanner 
contains a probe, a laser and a position sensitive photodetector, and controls that 
allow system alignment. Samples are placed on top of the scanner that contains a 
piezotube to control lateral x, y position. The base controls raise and lower the probe 





Figure 2.9 AFM setup. (a) The core compartments of the AFM. (b) Whole setup, including 
the AFM core components inside an anti-vibration system, a computer with a control (inset 
figure (c)) and a display with two monitors. (d1),(d2) are close-up images of detector top and 
bottom respectively. (e) The scanner detail. (f) Close-up of the scanner nose. (g) Schematic 






2.3.2 Principle of AFM 
As shown in Figure 2.10, a laser beam is reflected by the cantilever onto a 
position-sensitive photodetector, indicating the position of the cantilever. The 
interaction force between the probe and the surface results in the bending deflection 
and the torsion deflection of the probe. The deflections can be converted to force 
because the spring constants of the cantilever are known. Small deflections of the 
cantilever result in large displacements on the photodetector due to the large “lever 
arm” of the light path. AFM uses this feature to amplify the image of the sample.  
 
 
Figure 2.10 Cantilever deflection detection by optical lever. AFM measures the interaction 
force between the probe and the surface through measuring the bending deflection and the 
torsion defection of the probe. (A) Reflection of a laser falls on a position-sensitive 
photodetector for the measurement of deflections. (B) Detection of the torsional mode of the 
cantilever that is considered the friction signal. (Figure reproduced from (121)) 
 
The cantilever is usually made from silicon or silicon nitride having a very 
low spring constant. A very sharp tip is fabricated at the end of the cantilever that acts 
as a probe. As the cantilever scans above the sample, it moves in both x and y 
directions. A piezo-electric crystal constantly raises or lowers the cantilever to 
maintain a constant bending of the cantilever. Therefore the force that results in 
bending is key to recording a three-dimensional image of the surface topography of 
the sample, and also is why AFM has its name. Compared to light microscopy, it has 
better resolution and avoids damage to the sample. 
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AFM is often operated in ambient air where a contamination layer comprised 
of water and hydrocarbons forms at the samples surface. Thus, the probe tip in AFM 
is typically immersed in the contamination layer (Figure 2.11). Because of the 
variation of the contamination layer from one environment to the next, the layer can 
cause uncertainty in AFM measurements.  
 
 
Figure 2.11 The AFM probe tip is typically immersed in the contamination layer above the 
sample layer.  
 
The force between the probe tip and the surface can be determined by the 
Lennard-Jones potential. Shown in Figure 2.12, it has two force regions. From infinite 
distance to about 0.7 nm, it is an attractive force. Further decrease of the surface-to-tip 
distance results in repulsive forces on the tip, until to about 0.5 nm, the attractive 
force and the repulsive force cancel with each other (zero crossing point). In the 
region where surface-to-tip distance is shorter than the zero crossing point, repulsive 
force increases steeply. Therefore, the force between the tip and the surface changes 
from attractive to zero at the zero crossing point and then to repulsive in the process 
of tip approaching from far to the surface.  
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Figure 2.12 Qualitative illustration of interaction force versus surface-to-tip distance. The 
interaction is approximated by the Lennard-Jones potential. As the tip approaches the surface, 
it is first attracted by Van der Waals’ forces until around the surface-to-tip distance of 0.7 nm, 
repulsive forces on the tip increase. The net force decreases to zero at around 0.5 nm distance 
that is called zero crossing point. Further decreasing the distance, only repulsive forces act on 
the tip according to the Pauli principle. The shape of the curve is determined by the surface 
and tip properties. (Figure modified from (121)).  
 
Based on the force region the AFM tip is working in, two major operating 
modes can be divided: contact mode and vibrating mode (Figure 2.13). In contact 
mode, the tip works in the repulsive region and scans very closely to the sample. 
Contact mode is the simplest mode of operation in which tip makes soft physical 
contact with the sample. As biological substances are delicate, the forces exerted by 
the tip can produce damage. Therefore for biological systems, the other operating 
mode is more favored: vibrating mode, in which tip oscillates up and down when 
scanning the sample and the tip works in the attractive region. Oscillation of the probe 





Figure 2.13 Two AFM imaging modes are divided by their tip working regions. A) Contact 
mode, where the tip scans very closely above the sample surface. The tip experiences only 
repulsive forces. B) Vibrating mode, where the tip oscillates above the sample in the 
attractive force region.  
 
There are three implementations for vibrating mode. The first one is non-
contact mode (Figure 2.14 A): the probe is vibrated at the surface of the 
contamination layer. The images obtained in this implementation often have low 
resolution. The second one is near-contact mode (Figure 2.14 B): the probe is scanned 
inside the contamination layer. Very small vibration amplitudes must be used in this 
mode. The third one is Tapping-mode (Figure 2.14 C): the probe is vibrated in and out 
of the contamination layer. This mode is the most preferred operating mode. The 
oscillating tip only lightly touches or taps on the sample surface and decrease the 
amplitude of oscillation whenever the tip comes too close to the sample through the 
signal of different forces (van der Waals’ force, dipole-dipole interactions, 
electrostatic forces, etc.) acting as different length scales. Thus, tapping mode avoids 
the damage of biological samples. In the experiments in this thesis, AFM tapping 
mode was applied for DNA-protein or naked DNA samples on modified mica 
surfaces.  
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Figure 2.14 Three imaging modes in vibrating mode. A) Non-contact mode, in which tip 
oscillates above the contamination layer. B) Near-contact mode, in which tip oscillates in the 




2.3.3 Mica surface modification 
The optimal substrate for AFM imaging is a mica surface. It is ultraflat, easy 
to handle and cheap. It is the most common surface for modification in AFM 
experiments.  Mica surfaces can be functionalized for AFM imaging to immobilize 
samples like DNA and protein. DNA molecules are negatively charged while basic 
proteins are overall positively charged; therefore the most widely used methods are 
based on the electrostatic force. A very simple way is to use ions, such as Mg2+ and 
Ca2+ to positively charge mica surfaces and adhere DNA molecules. This method is 
called fresh-mica functionalization (122). The problem with fresh-mica is that it 
causes DNA condensation to neutralize the charges on it. New modification methods 
have emerged and the most popular ones are AP-mica and GD-mica. 
AP-mica surfaces utilize (3-Aminopropyl)triethoxysilane (APTES) for 
silanization. The activity of the APTES surface derives from an electrostatic 
interaction with the amines and the amine group of APTES is able to attach to DNA 
molecules tightly. However, this electrostatic force also creates a repelling force for 
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positively charged proteins and it affects the result of DNA-protein interaction and 
influence the morphology of DNA-protein structure (123).  
A GD-mica surface is modified with Glutaraldehyde. It results from APTES 
treatment of the surface followed by glutaraldehyde exposure. The exposed aldehyde 
group reacts with lysine residues, which interact with proteins by covalent attachment 
(124), as illustrated in Figure 2.15. Thus GD-mica surface attaches to proteins and 
through proteins, DNA is bound to surface. So far, GD-mica is the most viable 
method that prevents artifacts and is therefore the chosen functionization method for 










CHAPTER 3 Single DNA study of the H-NS antagonizing 
Salmonella enterica response regulator SsrB 
3.1 Introduction 
In this chapter, the mechanism by which SsrB antagonizes H-NS-mediated 
silencing is studied in detail. In order to understand how transcription factors function 
to counter H-NS-mediated silencing, the mechanistic understanding of how H-NS and 
SsrB bind to DNA and how SsrB may affect H-NS-DNA interaction are critical. 
As introduced in section 1.5, H-NS is a global gene-silencing protein that 
serves as an “immune sentinel” for preventing foreign genes from being deleterious to 
their host (125). Its function depends on its DNA binding properties. Recent work 
from ours and other labs has revealed that H-NS has a well-characterized DNA 
bridging mode and a newly identified DNA stiffening mode where H-NS polymerizes 
along DNA at low magnesium concentrations (< 5 mM) (24). Increasing amounts of 
evidence suggest that the H-NS stiffening mode is related to its gene-silencing 
function (24, 27). In the Introduction chapter of this thesis, distinct conformations of 
H-NS-DNA complexes in the two DNA binding modes are shown in Figure 1.10.  
Figure 3.1 in this section shows that the two binding modes also cause distinct 
force responses of DNA: in the stiffening mode a steady force-extension curve is 
observed, which has higher extension than the naked DNA curve due to increased 
rigidity; while in the bridging mode, DNA extension reduces with time due to 
progressive formation of DNA hairpins. The DNA extension in the DNA bridging 
mode does not reach equilibrium; therefore if plotting force-extension curves, a 
hysteresis is often observed between the curve recorded during a force-decrease scan 
and a force-increase scan, as shown in Figure 3.1 (C). It is important to know that H-
NS mediated DNA folding always occurs at low forces (< 1 pN), which can be 
unfolded at slightly increased forces of several pN (24). 
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Figure 3.1 H-NS exhibits distinct behaviors to bind to DNA in buffer with and without 
magnesium. (A) FE curve of H-NS-DNA complex. Without magnesium in the buffer 
solution, the more H-NS protein added to DNA molecules, the stiffer the H-NS-DNA 
nucleoprotein complex becomes (The extension of the DNA molecule becomes longer at low 
force compared to naked DNA which is indicated by black squares). (B) Time course of the 
extension of a single DNA molecule in the presence of 600 nM H-NS. A sudden drop in DNA 
extension is observed when the magnet applied a force smaller than 0.3 pN. The DNA 
extension is able to recover at a force of around 0.7 pN. (C) FE curve of 600 nM H-NS 
binding to naked DNA. Apparent hysteresis is observable between decreasing and increasing 
force. The FE curve is collected by an independent experiment, under the same buffer 
conditions. H-NS folding behaviors share the same characteristics between Figure B and C. 
Figure A and B are reproduced from (24) and figure C is my data from (126). Each force was 
maintained for 2-3 minutes during data acquisition (See methods). 
 
In contrast to H-NS, whose DNA-binding properties have been extensively 
studied, the DNA-binding properties of SsrB have not been studied at the single-DNA 
level. Therefore, to better understand SsrB mediated anti-silencing of H-NS, similar 
single-DNA stretching experiments were performed to study how SsrB binds to DNA 
and how it changes DNA conformation using the transverse magnetic tweezers 
described in section 2.2. Results showed that SsrB could mediate tight DNA folding 
independent of magnesium concentration. Further, competitive binding between H-
NS and SsrB to the same DNA molecule was studied, and SsrB was found to 
outcompete H-NS in DNA-binding at similar protein-to-protein stoichiometry only 
when H-NS bound to DNA in the stiffening mode. These results are described below.  
 
3.2 Method 
The transverse magnetic tweezers (2) used to perform the experiments was 
described previously in section 2.2. More detailed information regarding buffer 
conditions and data acquisition settings is stated here. For all experiments, stiffening 
buffer means a buffer that contains 10 mM Tris, pH 7.4, 50 mM KCl, 24 ˚C and 
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bridging buffer means a buffer that contains 10 mM Tris, pH 7.4, 50 mM KCl, 10 
mM MgCl2, 24 ˚C, respectively. At each force, the extension was recorded for 2-5 
minutes. Data recorded in the last 10 seconds were used for averaging the final 
extension and plotted in the corresponding FE curves. For the force response of DNA 
in the presence of 300 nM SsrB, the unfolding force was applied to >10 pN for longer 
time (> 10 min) aimed at unfolding the condensed DNA structure.  
 
3.3 Results 
SsrB can mediate tight DNA condensation in < 200 mM KCl and is insensitive to 
MgCl2 concentration in the range 0 – 10 mM 
 
To begin the H-NS/SsrB competition study, initial efforts addressed the 
mechanism by which SsrB binds to DNA. Therefore experiments were performed on 
SsrB with the same buffer as was used in previous H-NS experiments (Figure 3.1) 
that contains 50 mM KCl and 10 mM Tris, pH 7.4 without or with 10 mM magnesium 
(Figure 3.2).  
Figure 3.2 A and 3.2 B show that SsrB is able to mediate DNA folding in the 
absence and the presence of MgCl2 indicated by progressive DNA extension decrease.  
DNA folding begins at around 6 pN in the absence of magnesium and around 2.2 pN 
in the presence of 10 mM MgCl2, suggesting that the SsrB mediated DNA folding is 
insensitive to MgCl2, a property distinct from H-NS mediated DNA bridging. The 
folded DNA-SsrB complex is highly stable, which can withstand large force at > 10 
pN over a long time scale (> 16 min). This is also distinct from H-NS mediated DNA 
bridging which can be unfolded by a few pN forces. 
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Figure 3.2 Time course for the SsrB folding events. Both of the experiments contain 300 nM 
SsrB. (A) Conducted in buffer: 50 mM KCl, 10 mM Tris, pH 7.4. (B) Conducted in buffer: 50 
mM KCl, 10 mM MgCl2 and 10 mM Tris, pH 7.4. Without the magnesium, SsrB can fold 
DNA at large force around 6 to 7 pN. With 10 mM magnesium, folding occurs at relatively 
low force (~3 pN). Each force was maintained to the point that folding appears to stop and 
DNA extension is stable. 
 
Figure 3.3 shows results from two independent experiments, which are 
represented in FE curves. The data were obtained by a force-decrease scan (red 
symbols) followed by a force-increase scan (blue symbols). At each force, the DNA 
was held for 2-5 minutes and the extension value was the average in the last 10 
seconds. The FE curve of naked DNA is shown in the black squares as references. 
Figure 3.3 A shows that the DNA extensions obtained in both the force-decrease and 
force-increase scans are shorter than that of the naked DNA, indicating DNA folding 
in the absence of MgCl2. Further, the extension obtained in the force-increase scan is 
shorter than that obtained in the force-decrease scan. This hysteresis indicates that the 
DNA extension did not reach equilibrium over the experimental time scales. Similar 
observations were obtained in the presence 10 mM MgCl2. Notice the lengths of 
unfolding in the absence and presence are slightly different but they behave the same 
in the same experimental time scale and force range (Figure 3.3 B) (The largest force 
we applied for unfolding the SsrB mediated DNA-folding in the absence of 
magnesium was 12 pN for several minutes; while we applied around 10 pN to unfold 




Figure 3.3 FE curves for the SsrB folding events. Both of the experiments used 300 nM SsrB. 
(A) Conducted in buffer: 50 mM KCl, 10 mM Tris, pH 7.4. (B) Conducted in buffer: 50 mM 
KCl, 10 mM MgCl2 and 10 mM Tris, pH 7.4. Each force was maintained for 2 to 5 min and 
the extension was calculated from the last 10 seconds. The unfolding force at >10 pN in A 
was held for 40 min, but still cannot unfold the condensed DNA structure completely.  
 
Similar experiments with different concentrations of SsrB were also conducted 
to investigate the concentration dependency of SsrB mediated DNA folding. In these 
experiments, SsrB was added from concentrations of 30 nM to 3 µM (Figure 3.4). 
Figure 3.4 A shows that SsrB can fold DNA at very low concentration of 30 nM, 
suggesting high DNA binding affinity. The folding behavior of SsrB is relatively 
insensitive to concentrations in the range 30 nM to 3 µM (Figure 3.4 A-C).  
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Figure 3.4 SsrB induces strong folding of DNA. All three experiments used the same buffer 
condition: 50 mM KCl, 10 mM Tris, pH 7.4. Three different concentrations of SsrB were 
added to independent single DNA molecules. SsrB folds DNA at large force from low 
concentration. SsrB induced DNA folding cannot be subsequently unfolded; therefore 
different concentrations of SsrB proteins cannot be examined interacting with the same DNA. 
There are no unfolding symbols since it is not possible to unfold the DNA.  
 
Overall, the results in Figure 3.2-3.4 show that SsrB can condense DNA and it 
is insensitive to magnesium. In comparison to H-NS induced DNA folding at high 
magnesium concentrations, two distinct differences are apparent. Firstly, H-NS 
induced folding mostly occurs below 1 pN while SsrB induced folding occurs at large 
force ~6 pN. Secondly, H-NS induced folding can be easily reversed under forces 
above 1 pN. However, SsrB induced folding is much stronger, it folds at relatively 
large forces (~6 pN) but cannot be unfolded at large forces (> 10 pN) even for very 






High KCl concentration inhibits SsrB mediated DNA folding 
 
The bacterial intracellular salt concentration varies in the different cellular 
stages and during different environmental changes. Furthermore, H-NS DNA-binding 
is sensitive to KCl concentrations. Thus it was worthwhile to investigate the effect of 
KCl concentration on SsrB. 
As it is shown in Figure 3.5, in the buffer condition of 200 mM KCl, 10 mM 
Tris, pH 7.4 and 300 nM SsrB (identical condition as in Figure 3.4 B except that 200 
mM KCl was used instead of 50 mM KCl) the folding ability of SsrB is significantly 
reduced without apparent DNA folding over our experimental time scale. Such 
sensitivity to salt concentration suggests that SsrB binds to DNA mainly through 
electrostatic interactions. Interestingly, H-NS binding to DNA in the stiffening mode 
also exhibits similar level of salt dependence (24). 
                
     
Figure 3.5 Salt concentration affects the DNA-folding ability of SsrB. FE curve of 300 nM 
SsrB in buffer that contains of 200 mM KCl, 10 mM Tris, pH 7.4. Strong folding is no longer 





SsrB competes off H-NS DNA-binding in the H-NS DNA stiffening-binding mode but 
not in the H-NS DNA bridging mode 
In the previous subsection, it was shown that SsrB is able to fold DNA. 
However, those results were obtained in the absence of competition with H-NS. In 
order to provide insights into SsrB mediated anti-silencing function, its competitive 
DNA-binding with H-NS has to be studied. As H-NS has two distinct DNA-binding 
modes, i.e. the DNA stiffening mode at low MgCl2 concentration and DNA bridging 
mode at high MgCl2 concentration, the competitive binding was examined between 
SsrB and H-NS in H-NS stiffening solution condition (50 mM KCl, 0 mM MgCl2) 
and H-NS bridging condition (50 mM KCl, 10 mM MgCl2), respectively. 
Figure 3.6 A shows results obtained by H-NS at a fixed concentration of 600 
nM together with SsrB at different concentrations. When 30 nM SsrB was added to 
600 nM H-NS, DNA was stiffened indicating H-NS binding predominates. However, 
with the same amount of H-NS in the presence of 300 nM SsrB, DNA folded and 
could not be unfolded at high forces, indicating SsrB binding to DNA. Therefore 300 
nM SsrB was able to compete with 600 nM H-NS for DNA binding. The possible 
mechanism of how SsrB is able to compete with H-NS in this condition is discussed 
in the later section (see Discussion). Figure 3.6 B shows similar results obtained in an 
independent experiment. 
   
Figure 3.6 SsrB competes with H-NS in stiffening buffer (50 mM KCl, 10 mM Tris, pH 7.4). 
(A) Adding 30 nM SsrB with 600 nM H-NS together, DNA was stiffened by H-NS. While 
adding 300 nM SsrB with 600 nM H-NS together, DNA was folded by SsrB. (B) An 
independent experiment which shows SsrB was able to outcompete H-NS (600 nM H-NS and 
300 nM SsrB) to fold DNA at large force in H-NS DNA stiffening buffer. In figure A, the 
folded DNA extension was below 2 µm and wasn’t able to unfold in the force-increase scan 
(therefore there is no unfolding data during the whole force scan as the DNA extension was 
below our detection limit).  
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Taken together, the results shown in Figure 3.6 A-B indicate that SsrB 
outcompetes H-NS in binding to DNA under conditions where H-NS binds to DNA in 
the DNA-stiffening mode.  
 
H-NS outcompetes SsrB in the H-NS DNA-bridging mode 
 
As introduced in the previous subsection, in H-NS DNA-bridging buffer (50 
mM KCl, 10 mM MgCl2, 10 mM tris, pH 7.4), H-NS caused significant folding (i.e. 
bridging) of DNA when the force is reduced to below 1 pN (Figure 3.1 B, C) and 
unfolded DNA at slightly higher than 1 pN. In contrast, SsrB folded DNA 
dramatically even at large forces (Figure 3.2 B and 3.3 B) in this buffer and unfolding 
was not achievable even above 10 pN. Thus, H-NS and SsrB proteins have distinct 
and distinguishable effects on DNA as a consequence of binding.  
The H-NS/SsrB competition experiment (addition of 600 nM H-NS and 300 
nM SsrB together) was carried out in the same bridging buffer containing 10 mM 
Mg2+. Figure 3.7 shows that DNA was folded in the protein mixture when force was 
decreased below 1 pN. Further, the folded DNA could be unfolded when force was 
increased to slightly above 1 pN. These are typical signature of H-NS mediated DNA 
bridging; thus indicating predominant H-NS binding to DNA instead of SsrB. In other 
words, H-NS outcompetes SsrB in DNA binding when the solution condition favors 
H-NS mediated DNA bridging. 
Taking these results and results described in the previous subsection together, 
we conclude that SsrB displaces H-NS from DNA only in the DNA-stiffening mode 
of H-NS. These results have important physiological implications, as in vivo MgCl2 
exists in 1-4 mM range (24), which implies both H-NS DNA-binding modes co-exist. 
The selective antagonizing H-NS stiffening-binding mode by SsrB may be related to 




Figure 3.7 SsrB dose not displace H-NS from DNA in the H-NS DNA-bridging mode. DNA 
folding in the presence of 600 nM H-NS, 300 nM SsrB, in bridging buffer (pH 7.4, 50 mM 
KCl, 10 mM MgCl2, 24˚C). At high MgCl2, DNA was folded (red circles) and unfolded (blue 
triangles) at forces observed with H-NS alone. Thus, when H-NS is bound to DNA in the 
bridging mode, it appears to be inert to SsrB.  
 
3.4 Discussion 
SsrB-DNA interaction was studied in detail in this chapter. SsrB, from tens of 
nano-molar concentration, can cause tight DNA folding. Unlike H-NS that has two 
distinct DNA binding modes switched by MgCl2, SsrB binding to DNA does not 
seem to depend on MgCl2.  However, SsrB binding to DNA is very sensitive to KCl 
concentration, which was nearly abolished when KCl concentration is increased to 
200 mM KCl.  
The most important results that can be directly related to the SsrB’s anti-
silencing function were obtained by stretching DNA in the presence of both SsrB and 
H-NS, in solutions that favor DNA-stiffening and DNA-bridging by H-NS, 
respectively. We found that SsrB outcompetes H-NS binding to DNA only when H-
NS binds to DNA in the stiffening mode. Previous studies from our lab have shown 
that H-NS stiffening binding mode is prevalent at < 2 mM MgCl2, concentrations that 
are considered to be a physiological relevant range; therefore, the finding that SsrB 
selectively displaces H-NS from DNA in the H-NS stiffening mode provides 
important insights into its anti-silencing function.  
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The mechanism of selective binding between SsrB and H-NS and its 
dependence on MgCl2 can be understood based on their DNA binding modes. 
Without MgCl2, SsrB folds DNA while H-NS tends to polymerize along extended 
DNA to form a rigid nucleoprotein filament. Simply by maintaining high DNA 
curvature through mediating tight DNA folding, it is not surprising that SsrB can 
inhibit H-NS binding. In contrast, in the presence of 10 mM MgCl2, H-NS mediates 
DNA bridging which requires initial juxtaposition of two remote DNA sites to form a 
DNA loop. SsrB mediated DNA folding can assist in bringing remotes DNA sites 
together, which reduces the energy barrier for DNA looping; therefore facilitating the 
subsequent DNA bridging by H-NS. This proposed mechanism is illustrated in the 






Figure 3.8 Illustration of the mechanism that SsrB adopts to compete with H-NS in both its 
DNA-binding modes. (A) With low magnesium, H-NS polymerizes along DNA to form the 
rigid nucleoprotein filament, while SsrB bends DNA inhibiting H-NS polymerization that 
prefers straight DNA. (B) At high magnesium concentrations, SsrB bends DNA at high force, 
favoring H-NS bridging between DNA.  
 
An interesting implication from these studies is that DNA may possess the 
capability of selecting certain protein species and inhibiting their bindings depending 
on the solution condition. In the current example, in 0 mM MgCl2, SsrB is selected 
over H-NS; while in 10 mM MgCl2, H-NS is selected over SsrB. In bacteria such as 
E. coli, there are more than 10 major species of NAPs, each of which bind to DNA 
with a variety of DNA binding modes and have various different ways of responding 
to environments. This leads to an important question regarding how these NAPs are 
selected for DNA binding in vivo and how the selection depends on the environments.  
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CHAPTER 4 Single DNA study of Mtb protein MDP1 and 
mIHF 
4.1 Introduction 
As mentioned in Chapter 1, Mycobacterium tuberculosis (Mtb) infects 
approximately one-third of the world's population, causing roughly about 3 million 
deaths each year (127, 128). Mtb can survive inside its cellular host, maintaining a 
metabolic state of replicative quiescence for decades, referred to as the dormant state. 
Despite decades of intensive study of Mtb (129-133), the mechanisms underlying the 
maintenance of replicative quiescence of Mtb remain a mystery. The growth of 
bacteria is coordinated with the cellular processes of DNA replication, gene 
expression and cell division (134, 135), processes that are strongly influenced by the 
physical properties of the chromosome (14). 
Prokaryotic cells maintain their single chromosome as circular DNA, which is 
organized into a tightly folded DNA-protein complex referred to as the nucleoid. In E. 
coli, 12 different NAPs have been identified and their mechanisms of action have 
been extensively studied. By controlling the nucleoid structure, NAPs regulate 
numerous genes by different mechanisms (136, 137). To this end, NAPs, such as HU, 
IHF, H-NS, Fis, Dps, have been implicated in the physical organization of the E. coli 
genome (14, 135, 137). These proteins are expressed at different levels during 
different growth phases and play different regulatory functions.  
Compared to E. coli, the nucleoid structures of mycobacteria are much less 
understood. Furthermore, different names have been given to NAP homologous genes 
in different mycobacterial species. Analysis of Mtb genome sequence reveals a 
remarkable absence of many E. coli NAPs (35). To date, only a few Mtb NAPs have 
been identified, such as MDP1, H-NS, mIHF, Lsr2, EspR, and GroEL1 (31-36). It is 
difficult to predict the functions of these Mtb NAPs simply by sequence comparison 
with E. coli NAPs due to the lack of sequence homology. Among the Mtb NAPs, Lsr2 
has been shown to complement an E. coli hns mutant strain (37), which exhibits a 
DNA binding mode that is similar to that of E. coli H-NS. It forms a rigid 
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nucleoprotein structure on extended DNA and mediates DNA folding (38). Likewise, 
it has been reported that EspR was able to bridge DNA and GroEL1 was able to 
condense DNA under in vitro conditions (35, 39).   
Mtb MDP1 is an abundant protein (comprises 7–10% of the total protein 
mass) of 21.3 kDa with an isoelectric point of 12.4, which has been shown to regulate 
the rate of mycobacterial growth (80, 81).  It binds DNA in a non-sequence-specific 
manner, with a preference for AT rich regions (79). Importantly, MDP1 is conserved 
in all mycobacterial strains, and its expression was found accelerated in stationary 
growth phases (78). Previous studies also showed that MDP1 preferentially binds to 
supercoiled DNA, suggesting that it may be able to clasp DNA and may imply a DNA 
condensation function (79, 138). However, its potential capability to condense DNA 
has not been characterized directly. 
mIHF has 105 residues with a basic isoelectric point value of ~11.0. Despite 
its name, mIHF is unrelated at the sequence level to IHF in E. coli (31). It is most 
abundant prior to entry into the bacteria stationary phase (81); However, due to the 
lack of studies of mIHF-DNA interaction, how mIHF binds to DNA and organizes 
DNA remain unclear.  
In this study, using direct imaging and single-DNA stretching experiments, I 
have investigated the ability of MDP1 and mIHF to organize DNA into higher-order 
nucleoprotein complexes. These results reveal that both MDP1 and mIHF can 
organize DNA into highly compact DNA condensates under physiological solution 
conditions. Our results reveal new insights into the role of MDP1 and mIHF in growth 
regulation of Mtb. 
 
4.2 Method 
AFM imaging and data analysis 
 
For AFM imaging, 5,386 bp linearized $X174 dsDNA (New England 
Biolabs) are preferred than 16.4 µm ("DNA whose length exceeds the high"resolution 
imaging scan area (4 µm). Moreover, long DNA is much more difficult for 
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observation of single protein particles considering that long DNA is easily self-
entangled and forms bulky structures on a mica surface. To deposit the DNA-protein 
sample on the mica for imaging, a glutaraldehyde modified mica surface was prepared 
to fix DNA and protein. The Glutaraldehyde mica surface was prepared according to 
the following procedure to prevent the diffusion of the chemicals into the sample 
solution (which may cause artificial protein"DNA cross"linking): firstly, deposit 0.1 % 
APTES solution on a 1 cm x 1 cm piece of mica for 15 minutes which is then 
followed by rinsing with deionized water and dried with nitrogen gas. Incubate the 
APTES-coated dry mica surface in a desiccator for 2 hours or in an oven for 20 min; 
Secondly, deposit 1 % glutaraldehyde solution on the APTES mica for another 15 
minutes and follow the same rinse and dry procedure as for APTES preparation but 
without incubation in a desiccator or oven. DNA-MDP1 complexes (different protein-
to-DNA ratios (monomer-to-bp)) are incubated in the mean time in the related buffer 
solution for 20 min and then are deposited onto a glutaraldehyde"coated mica surface 
for AFM imaging.  
The AFM machine used in this study is the 5500 AFM from Agilent 
Technologies, operating in Acoustic AC mode. After the AFM images are acquired, 
they are then processed using Gwyddion software (http://gwyddion.net/) into 
processed binary images with a unified user-defined threshold value. To determine 
the full width half maximum (FWHM) of MDP1-DNA structure, 20 points were 
randomly selected for calculation of the mean FWHM of the obvious protein particle 
like molecules. FWHM, instead of height, was used to characterize each 
nucleoprotein particles because in AFM images, the height of both DNA and protein 
are not the absolute value. The height only provides a relative measurement and 
usually, due to surface background roughness, the height is not as reliable as the 
FWHM for comparison between the nucleoprotein particles and the naked DNA.  
 
Identification of steps during folding and unfolding 
 
In order to detect the true folding and unfolding steps (as opposed to thermal 
fluctuations) of the MDP1 time course curves (Figure 4.1), a similar technique was 
applied as that introduced by Cui et al (139). Smoothened curves were produced 
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using Savitzky-Golay filter from the raw data with a window size of 10 points (0.1 
second time window sized). Every smooth curve was then divided into 0.1-second 
curves separately for calculation of the 0.1-second standard deviation (%0.1) 
accordingly. Within each 0.1-second curve, the 0.02-second delta function (&0.02) was 
calculated subsequently by the difference between the time-points before and after 
each 0.02 second. The rough detection of up-steps and down-steps was then processed 
when &0.02 ' 2%0.1, only those steps that meet the condition of Student’s T-value ' 5 






Figure 4.1 Finding unfolding steps in a protein-induced unfolding event using the Step-
finding algorithm. In (A) the black curve is an unfolding time-course collected by a magnetic 
tweezers experiment. The red curve is a smoothed data by Savitzky-Golay filter in a 0.1 
second window size. (B) The delta extension time-course is shown in blue. It is acquired by 
the extension differences between points before and after every 0.02 second interval (&0.02). 
The red curves indicate the standard deviation of all the 0.02 delta extensions in every 0.1 
second (%0.1), therefore %0.1 has two curves because of the plus minus deviation. Green curves 
are two folds of %0.1 (2%0.1). If the local delta function &0.02 '2%0.1, then it is first selected as a 
potential unfolding step event (marked with grey dash lines with up pointing arrows). The 
unfolding step events will subsequently be filtered again by Student’s T-test where a T-value 
' 5 identified the only accepted true unfolding steps. Folding-step events are detected by the 





MDP1 organizes DNA into complex nucleoprotein structures 
 
The nucleoprotein complexes formed on 5,386 bp $X174 double-stranded 
DNA by MDP1 were directly visualized using AFM. The DNA-protein complexes 
were assembled in the buffers indicated and then transferred to glutaraldehyde-coated 
mica surfaces to form covalent bonds (see methods). Under such conditions, the 
molecules do not diffuse into solution (preventing non-specific DNA-protein 
condensation). MDP1 that is bound to DNA interacts with glutaraldehyde on the mica 
surface thus the DNA-protein complexes become trapped.  Figure 4.2 shows AFM 
images of MDP1-DNA complexes formed under conditions with buffer: 10 mM Tris-
HCl buffer (pH 7.4) containing 50 mM KCl, 2 mM MgCl2. We used 2 mM MgCl2 as 
it roughly coincides with the levels of magnesium inside bacterial cells (140, 141). In 
all imaging experiments, the DNA concentration was fixed at 0.2 ng/µl (base pair 
concentration ~300 nM), and the protein concentration was varied as required to 





Figure 4.2. Representative AFM images of MDP1 nucleoprotein complex formed on linear 
double-stranded $X174 DNA in 10 mM Tris-HCl buffer (pH 7.4) containing 50 mM KCl, 2 
mM MgCl2, in the presence of various protein-to-DNA ratios: 0 (naked DNA), (A1), 1:1000 
(0.3 nM MDP1), (B1), 1:100 (3 nM MDP1), (C1), 1:10 (30 nM MDP1), (D1). For protein-to-
DNA ratios of 1:1000 and 1:100, particle-like nucleoprotein complexes were observed. The 
full width half maximum (FWHM) of each particle was calculated from 20 randomly chosen 
particles using Gwyddion software (http://gwyddion.net/) and found to be 17.9 nm with a 
standard deviation of 3.3 nm. Each panel corresponds to 4-5 images acquired under respective 
conditions.  
 
Figure 4.2 (B1-D1) shows typical conformations of MDP1-DNA complexes 
formed at various protein-to-DNA ratios. At a ratio of 1:1000, the nucleoprotein 
complexes assume randomly coiled conformations (Figure 4.2 B1), which are largely 
indistinguishable from the naked DNA shown in Figure 4.2 A1. At a ratio of 1:100, 
significant DNA condensation occurred (Figure 4.2 C1). Typically, the nucleoprotein 
complex consists of a protein rich core (indicated by white arrows), surrounded by 
random coiled naked DNA loops (indicated by yellow arrows). At these low protein-
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to-DNA ratios, particle-like nucleoprotein complexes were observed, with an average 
full width half maximum (FWHM) around 17.9 nm and a standard deviation of 3.3 
nm. 
On increased protein-to-DNA ratio of 1:10, most of the MDP1-DNA 
complexes folded into tight structures without exposed naked DNA regions, 
suggesting that binding was nearly saturated. These results indicate that MDP1 was 
able to capture non-contiguous DNA segments to form the large nucleoprotein 
aggregates. Overall, these results are consistent with previous EMSA experiments that 
implicated cooperative DNA aggregation (79). 
In order to understand the role of ionic strength in complex formation between 
MDP1 and DNA, AFM experiments were conducted to image in the presence of 
higher salt (200 mM KCl in 10 mM Tris-HCl buffer (pH 7.4) containing 2 mM 
MgCl2) at the same protein-to-DNA ratios (Figure 4.3). We obtained similar results: 
MDP1-DNA complexes changed from randomly coiled conformation with 
dispersedly bound MDP1 molecules to significant DNA aggregation when the 
protein-to-DNA ratio reaches 1:10. Overall, the MDP1 mediated physical 






Figure 4.3 Representative AFM images of MDP1 nucleoprotein complex formed on linear 
double-stranded $X174 DNA in 10 mM Tris-HCl buffer (pH 7.4) containing 200 mM KCl, 2 
mM MgCl2, in the presence of various protein-to-DNA ratios: 0 (naked DNA), (A2), 1:1000 
(0.3 nM MDP1), (B2), 1:100 (3 nM MDP1), (C2), 1:10 (30 nM MDP1), (D2). Similar results 
were obtained as for buffer containing 50 mM KCl. Each panel corresponds to 4-5 images 
acquired under the respective conditions.  
 
Dynamics of folding and unfolding of single DNA molecules by MDP1  
 
Proteins that induce DNA structural deformation can modify the 
micromechanical properties of DNA and affect its force response. Different types of 
DNA-distorting proteins cause different DNA force responses, which can be 
measured by single-DNA stretching experiments (142, 143). If a protein can induce 
DNA condensation, progressive reduction in DNA extension (i.e., the end-to-end 
distance of DNA along the force direction) is expected at sufficiently small force, and 
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unfolding of a folded DNA is expected at sufficiently large force. Therefore, single-
DNA stretching experiments have been used to study the dynamics and the strength of 
DNA folding by many bacterial NAPs (24, 25, 144-146), as well as by eukaryotic 
histones (147, 148).  
In this study, single-DNA stretching experiments were conducted using a 
transverse magnetic tweezers setup that can apply force to the DNA molecule in the 
range of 0.01-200 pN in the focal plane and can detect DNA extension changes in real 
time (2, 149) (see methods chapter). In the experiments, a high force (~10 pN) was 
initially applied to the DNA to prevent DNA folding during protein addition. After 
protein was introduced, the force was successively reduced and at each force, the 
change in DNA extension was recorded. During the experiments, DNA was not 
allowed to fold below the shortest measurable extension of ~2 µm by our magnetic 
tweezers setup. 
Figure 4.4 shows the time course curves of the extension of 48,502 bp (~16.4 
µm contour length) (-DNA in the presence of various concentrations of MDP1 (50 
nM, 200 nM and 1000 nM) in 10 mM Tris-HCl buffer (pH 7.4) containing 50 mM 
KCl, 2 mM MgCl2 (Figure 4.4 A-C) or 10 mM Tris-HCl buffer (pH 7.4) containing 





Figure 4.4 DNA compaction by different concentrations of MDP1 in 50 mM (A-C) and 200 
mM (D-F) KCl. Time course curves of the extension of a 48,502 bp (~16.4 µm contour 
length) (-DNA incubated with 50 nM, 200 nM, and 1000 nM MDP1 are shown in each KCl 
concentration. Time traces at different forces are marked by different colors, as indicated in 
figure panels.  
 
We observed that DNA folding did not occur in the presence of 50 nM MDP1 
and 50 mM KCl (Figure 4.6 A), at > 4 pN over 30 seconds. However, rapid DNA 
folding occurred when force was reduced to ~1.9 pN. Within 30 seconds, DNA 
extension dropped from ~15.5 µm to ~7 µm. Stepwise unfolding of the folded DNA 
occurred when force was subsequently increased to ~5.3 pN. At ~11.1 pN, more rapid 
unfolding occurred until DNA extension returned to the original extension of the 
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naked DNA, indicating complete unfolding of the DNA. The step sizes of the 
stepwise unfolding events were highly variable, from tens of nm to several hundred 
nm (Figure 4.6). In addition to the sudden stepwise extension increase, slow gradual 
extension increase was also observed; suggesting the existence of two modes of DNA 
organization by MDP1 (Figure 4.7). 
After DNA was completely unfolded, a higher concentration of MDP1 (200 
nM) was introduced at ~11.1 pN. Figure 4.4 B shows that folding occurred at a higher 
force of ~4.1 pN: within 40 seconds, and DNA extension decreased by ~2.5 µm. 
Much faster folding occurred when force was subsequently reduced to ~1.9 pN; in 
less than 5 seconds DNA extension dropped by > 6 µm. Stepwise unfolding occurred 
at similar forces to that observed in Figure 4.4 A, again with large variations in step 
sizes. 
We performed a similar experiment with 1000 nM MDP1. Figure 4.4 C shows 
results obtained from a different DNA molecule (the DNA used in Figure 4.4 A-B 
was broken). Similar observations for folding were observed, except that rapid folding 
occurred at higher force of ~3.7 pN. Similar stepwise unfolding with large variations 
of step size occurred at similar forces to those depicted in Figure 4.4 A-B. 
Single-DNA stretching experiments were also conducted to investigate salt on 
MDP1 mediated DNA organization. At 200 mM KCl (Figure 4.4 D-F), DNA folding 
occurred at around the same force scale as in buffer containing 50 mM KCl, 
suggesting that MDP1 mediated DNA organization is insensitive to salt at 
concentrations indicated. These observations are consistent with the AFM imaging 
results that show a similar level of DNA condensation by MDP1 in the presence of 
both 50 mM and 200 mM KCl. 
We then investigated the unfolding events in detail to uncover the binding 
pattern of MDP1. In order to do that, the step-finding algorithm described in the 
methods section was applied to analyze the unfolding events. Results showed that the 
step sizes of the stepwise unfolding events were highly variable, from tens of nm to 
several hundred nm. For example, Figure 4.5 shows a step fitting result for 1000 nM 





Figure 4.5 Fitting for the unfolding events using the step-finding algorithm. The unfolding 
event is from the magnetic tweezers experiment of 1000 nM MDP1 in a buffer solution 
containing 50 mM KCl, 2 mM MgCl2 and 10 mM Tris, pH 7.4. The unfolding curve is at a 
force of 9.7 pN. The black curve is the time course of the unfolding event and the red curve is 
the fit by the step-finding algorithm. The mechanism of the fitting algorithm was described in 
methods section. From the fitting result, different sizes of unfolding steps are observed. The 
sizes of the unfolding steps range from tens of nanometers to hundreds of nanometers. 
 
To observe the size distributions of entire unfolding events, the histogram of 
the probability density against step sizes is drawn (Figure 4.6). The unfolding step of 
MDP1 presents various step sizes. However, the step size histogram does not follow a 
Gaussian function, which means that the step sizes are not regular and rather random. 
This is due to the unfolding curve that has a mixture of abrupt steps and also 
continuous unfolding events.   
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Figure 4.6 Histogram of the probability density against step sizes. After fitting for the 
unfolding events using the step-finding algorithm, the probability density of the unfolding 
step size can be drawn to see the trend of the step size. From the probability result, the 
amount of different sizes of unfolding steps is quite randomly distributed, meaning the 
unfolding is an unwrapping process of a randomly wrapped structure. (The unfolding event is 
from the magnetic tweezers experiment of 1000 nM MDP1 in a buffer solution contains 50 
mM KCl, 2 mM MgCl2 and 10 mM Tris, pH 7.4. The unfolding curve is at a force of 9.7 pN).  
 
 In addition to the sudden stepwise extension increase, a slow gradual 
extension increase was also observed suggesting two modes of DNA organization by 
MDP1 may exist. Figure 4.7 shows the two possible models of the folding mechanism 
by MDP1: wrapping and condensation. The former mode is taken by MDP1 when its 
concentration is not high (tens of nanomolar). In this situation, DNA molecules will 
wrap around MDP1 particles and the DNA molecule still adopts an extended 
conformation (Figure 4.7 A). The latter mode is adopted by MDP1 when its 
concentration increases high enough that the wrapped MDP1 molecules will interact 
with each other and form a large condensates (Figure 4.7 B). These two models are 
also consistent with the AFM images of Figure 4.2 and Figure 4.3 in which sparsely 
located nucleoproteins were observed in protein-to-DNA ratio of 1:1000. On 
increasing the ratio to 1:100, core formation was observed besides the nucleoprotein 
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particles. When the ratio was increased to 1:10, most of the DNA molecules were not 
observable and only various sizes of big condensates were seen.  Therefore, the folded 
DNA can be unfolded at higher forces, through a mixture of gradual unfolding and 
stepwise unfolding processes. The unfolding forces are insensitive to MDP1 
concentration. From these observations, we speculate that MDP1 may have a DNA 
wrapping mode at low concentration, while at higher concentration, MDP1 can bring 
remote DNA sites together, causing DNA condensation with various DNA loop sizes 
(see Discussion). This model in turn explains the reason that the unfolding steps are 
varied and cannot be fitted by a Gaussian formula: to unwrap DNA from protein, the 
unfolding steps should be similar, but to unfold condensates, the unfolding steps are 





Figure 4.7 Model of two modes of DNA organization by MDP1. (A) Wrapped MDP1-DNA 
particles at low protein:DNA concentration ratio. The number of wrapping turns shown in the 
figure is just for illustration, and does not suggest the real number of turns. (B) DNA 
condensation by interaction between MDP1-DNA particles at high MDP1-DNA ratio. 
 
Overall, these results demonstrate that MDP1 mediates DNA folding in the 
presence of 50 mM – 200 mM KCl across MDP1 concentration range from 50 – 1000 
nM. Therefore, MDP1 is a very strong folding protein, which is within nano-molar 
range. Additional results were also obtained from multiple independent DNA tethers 
demonstrating the reproducibility of the overall trend of MDP1 mediated DNA 
folding and unfolding were also obtained and are not shown in the thesis.  
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mIHF has similar DNA-binding characteristic as MDP1: organizes large DNA into 
complex nucleoprotein condensates 
 
Similar AFM experiments were also conducted to image mIHF-DNA 
complexes in the same buffer condition as in Figure 4.2 at protein-to-DNA ratios of 
1:50, 1:10, and 1:1, respectively (Figure 4.8). At the ratio of 1:50 (Figure 4.8 B), 
although dispersedly bound mIHF molecules were observed, the DNA assumed a 
randomly coiled conformation similar to naked DNA. At a ratio of 1:10 and 1:1 
(Figure 4.8 C-D), significant DNA aggregation occurred. Overall, the mIHF mediated 
physical organization of DNA is similar to that by MDP1, despite the higher protein-
to-DNA ratio needed for mIHF than MDP1 to achieve a similar level of DNA 
condensation. In addition, at low protein-to-DNA ratio, mIHF tends to dispersedly 
bind to DNA whereas at high protein-to-DNA ratio, mIHF tends to aggregate DNA. 
These observations suggest that mIHF shares the same trait as MDP1 as to DNA 





Figure 4.8 AFM images of mIHF nucleoprotein complex formed on linearized double-
stranded $X174 DNA in 10 mM Tris-HCl buffer (pH 7.4) containing 50 mM KCl, 2 mM 
MgCl2, in the presence of various protein-to-DNA ratios: (B), 1:50 (6 nM mIHF), (C), 1:10 
(30 nM mIHF), (D), 1:1 (300 nM mIHF), with (A) naked $X174 DNA as control.  
 
Similar single-DNA stretching experiments were conducted to investigate 
DNA organization by mIHF (50 nM, 200 nM and 1000 nM) in the same buffer 
condition as in MDP1 experiments: 10 mM Tris-HCl buffer (pH 7.4) containing 50 
mM KCl, 2 mM MgCl2 (Figure 4.9 A-C) or 10 mM Tris-HCl buffer (pH 7.4) 
containing 200 mM KCl, 2 mM MgCl2 (Figure 4.9 D-F at 22 ˚C). 
 At 50 nM mIHF (Figure 4.9 A), large DNA folding did not occur over the 
experimental time scale, suggesting the amount of mIHF bound on DNA at this 
concentration is not sufficient to cause large DNA conformational change. At 200 nM 
and 1000 mM mIHF (Figure 4.9 B-C), rapid large DNA folding occurred. In contrast 
to MDP1 where folding always occurred at < 5 pN, folding induced by mIHF 
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occurred at significantly larger forces of ~8 pN. Complete unfolding of DNA folded 
by mIHF occurred at ~12 pN within about 10 minutes. 
 
 
Figure 4.9 DNA compaction by different concentrations of mIHF in 50 mM KCl (A-C), 200 
mM KCl (D-E), 2mM MgCl2, 10mM Tris (pH 7.4), at 22 oC. Time course curves of the 
extension of a 48,502 bp (~16.3 µm contour length) !-DNA incubated with 50 nM (A, D), 
200 nM (B, E), and 1000 nM (C, F) mIHF shows the same folding behavior as MDP1 protein. 
All the force values are listed in the figure legend. Note: the flat stepwise decrease of 




Compared to MDP1, mIHF appears to be more sensitive to high salt 
concentration (200 mM KCl). As indicated in Figure 4.9 E-F, mIHF folded DNA at 
much lower force (around 1 pN) instead of 7-8 pN in a buffer that contains 50 mM of 
KCl (Figure 4.9 A-C). Whilst the force at which MDP1 began to fold DNA did not 
change much when in 200 mM KCl buffer (~3 pN). 
  
4.4 Discussion 
In this study, using a combination of AFM imaging for directly visualizing the 
nucleoprotein complexes and single-DNA stretching methods for observation of 
protein/DNA interaction dynamics, the mechanisms underlying MDP1 and mIHF 
interaction with linear double stranded DNA were investigated over a wide range of 
salt and protein concentrations. At low protein-to-DNA ratio (1:1000 of MDP1:DNA 
and 1:50 of mIHF:DNA), nucleosome-like protein-DNA particles were observed, 
which suggests a possible DNA/protein interaction of DNA wrapping around 
individual protein units. At high protein-to-DNA ratios (1:10 of MDP1: DNA and 1:1 
of mIHF: DNA), both proteins tightly condensed DNA. For AFM imaging, MDP1 
was studied in both 50 and 200 mM KCl salt concentration, and the change of salt 
concentration did not affect the MDP1/DNA interaction. In single-DNA stretching 
experiments, both proteins were investigated at 50-1000 nM in 50 or 200 mM KCl, 
and salt insensitive DNA condensation was observed for both. Unfolding stepsize 
analysis reveled that the step sizes followed a random distribution that indicated that 
the unfolding events likely include both unwrapping and separation of long-range 
DNA folds. Based on that, we proposed a putative mechanism: at low protein-to-
DNA ratio in the reaction buffer, DNA molecules tend to wrap around protein, whilst 
at high protein-to-DNA ratio protein-DNA particles may further interact with each 
other to achieve oligomerization of distantly bound protein molecules and effectively 
bridge disparate DNA segments together. This highly condensed nucleoprotein 
structure may be important for the formation of bacterial nucleoid. The presence of 
DNA loops around the condensed DNA was observed in AFM images (indicated by 
yellow arrows in Figure 4.2 and in Figure 4.8 B, C) and was strongly supported by the 
stepwise unfolding process with variant step sizes in the single-DNA stretching 
experiments. Overall, results in this study strongly suggest a potential role for MDP1 
 86 
and mIHF in compaction of Mtb chromosomal DNA into the mycobacterial cell. As 
the nucleoid architecture is poorly understood, our findings with MDP1 and mIHF 
shed light on the assembly of Mtb nucleoid structure.  
Mtb has evolved sophisticated mechanisms to survive and replicate inside host 
macrophages. Upon infection, Mtb bacilli multiply rapidly before immune 
mechanisms become operative, and the increase of Mtb bacilli changes to severely 
restricted or completely repressed growth upon activation of the immune response 
that is referred to as the dormant state. Mtb stops multiplying and remains in 
dormancy in host macrophages for years until diseases breakout (76). The questions 
of how they survive in hosts, and how they control their growth are of great interest to 
researchers. Studies have been carried out from two aspects of Mtb: its control of 
bacillus growth and dormancy and its mechanism of survival in host macrophages.  
The trigger of a dormancy response of Mtb was confirmed by the in vitro 
system developed by Wayne and coworkers. The results showed that mycobacteria 
dormancy was induced by oxygen depletion leading to cessation of rapid growth of 
Mtb, and the bacilli adapted to anaerobic survival with no replication (76). In the 
meantime, the expression of MDP1 is accelerated at the stationary or dormant phases 
in all mycobacterial stains (78, 150). Increasing evidence has suggested that MDP1 is 
involved in the protein expression of Mtb complex in the dormant state, such as its 
role in protein expression of M. bovis BCG grown in low oxygen condition. MDP1 
also influences the persistence of M. bovis BCG in macrophages (132). Recent 
findings show that MDP1 up-regulates the tolerance of mycobacteria to drugs through 
down-regulation of KatG expression (151). In addition, MDP1 was found to suppress 
DNA synthesis, transcription and translation in vitro and transform fast growing 
bacteria (such as E.coli) into slow growers when the MDP1 gene was transferred into 
E.coli (129). Therefore MDP1 plays important roles in suppression of growth rates, 
regulation of gene expression and control of Mtb persistency during dormant state. 
Although there is evidence that MDP1 is involved in Mtb gene regulation and 
growth control, the complete functions especially the mechanisms underlying is 
unclear. However, we noted that MDP1 and mIHF in Mtb possess similar DNA-
binding properties to proteins in E.coli, such as Dps and IHF. Furthermore, the 
expression levels are similarly regulated with respect to growth: MDP1 and Dps are 
highly expressed during the stationery phase while the expression of mIHF and IHF 
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are accelerated during the late exponential phases. Therefore, some insights can be 
obtained by comparing Mtb proteins with E.coli proteins and relating their possible 
functions to mycobacterial dormancy and survival in host macrophages. 
To defend against intracellular Mtb, macrophages produce reactive oxygen 
and nitrogen intermediates (ROI and RNI), which are among the most effective 
antimycobacterial molecules generated during infection. These molecules are aimed 
by the host to damage bacterial DNA (152). In E.coli, Dps protects DNA from ROI 
through two biological processes: sequestering iron ions and directly binding to DNA; 
in the former process, Dps binds Fe(II) and consumes H2O2 without producing a 
hydroxyl radical, thus preventing Fenton-mediated ROI generation (153). In the latter 
process, Dps compacts DNA and creates a protective physical barrier (154). Dps has 
also been identified in M. smegmatis (155) whereas structural homologs have not 
been detected in the Mtb genome. It is reasonable to hypothesize that Mtb expresses 
proteins with Dps-like characteristics and functions to survive against immune 
response attacks through ROI. 
Although Lsr2 in Mtb was reported to protect DNA from oxidative damage by 
forming fiber-like structures which served as a physical barrier against ROI (38, 156), 
Lsr2 lacks iron-binding ferroxidase activities (156). On the other hand, MDP1 was 
recently shown to possess a ferritin-like function to protect DNA from hydroxyl 
radicals (133, 157). Moreover, the results in this thesis showed that MDP1 compacts 
DNA at a wide range of salt concentrations (Figure 4.2, 4.3) providing additional 
features shared between MDP1 in Mtb and Dps in E.coli. These observations suggest 
that MDP1 might have the functional role in Mtb that is similar to the role of Dps in 
other bacterial system. 
As opposed to MDP1, whose expression peaks in the stationary phase, mIHF 
expression accumulates to maximal level during late exponential growth and entry 
into stationary phase (81). In this study, we found that similar to MDP1, mIHF binds 
to DNA non-specifically to promote DNA wrapping and condensation. Taking 
together the recent interesting result that mIHF compaction provides protection of 
DNA against degradation by DNase I (84), we suspect that mIHF may function 
similarly to MDP1 for DNA protection in a different bacillus growth phase.  
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Initially, mIHF was found as a novel integration host factor that promotes the 
formation of intasomal complexes (31). This specific function is in common with 
E.coli IHF in that they both can stimulate phage integrase activity. Besides its specific 
function, the non-specific DNA-binding property of mIHF together with the recent 
analysis that showed mIHF is the third most abundant protein in Mtb highlights the 
importance of mIHF to chromosome organization (158). This is also similar to the 
non-specific binding mode of IHF in E. coli where IHF promotes DNA packaging in 
the presence of magnesium (144). Overall, the non-specific DNA-binding 
characteristic of mIHF combined with the reported crucial roles that mIHF plays in 
the viability of M. smegmatis (81) and the bacillus growth of M. tuberculosis (159) 
suggest that mIHF is likely to have an important role in regulation of not only specific 
pathways but also as a global genome regulator.  
To conclude, MDP1 and mIHF are both central NAPs that are conserved in all 
mycobacteria species. They globally regulate DNA synthesis, transcription and 
translation and function in controlling mycobacterial growth, gene-regulation and 
dormancy. While the molecular mechanisms of MDP1 and mIHF to achieve those 
functions in mycobacteria have yet to be confirmed, my current work provides viable 
mechanisms and DNA-binding characteristics of MDP1 and mIHF, thus giving an 
insight into the largely unknown molecular mechanism of mycobacterial NAPs and 
DNA interaction. The assessments of MDP1/mIHF DNA-binding behavior are of 









CHAPTER 5 Single DNA study of Hop1-DNA interaction 
5.1 Introduction 
As stated in section 1.9, during meiosis, long-range interactions between 
homologous chromosomes are crucial for their alignment prior to subsequent 
homology recognition, exchange of DNA strands, and production of normal haploid 
gametes. It is known that the synaptonemal complex (SC) is crucial for the formation 
of chiasmta where two homologous non-sister chromatids exchange genetic material 
during chromosomal crossover. In Saccharomyces cerevisiae, the known SC 
components include Hop1, Red1, Zip1, Zip2, Zip3, and Mek (92, 96, 97, 160). 
Despite their importance to the meiotic process, little is known regarding the question 
of how they assist homologous chromosome recombination and the mechanisms they 
adopt to achieve that purpose.  
Work from our collaborator (using AFM imaging) revealed that Hop1 has the 
ability to promote intra- and intermolecular synapsis between circular or linear DNA 
molecules. Subsequently, cooperative binding of Hop1 extends these bridges into 
rigid, rod-like structures in which the duplex DNA segments appear to be fully 





Figure 5.1 S.cerevisiae Hop1 bridges DNA. (A) AFM image of 5 ng of circular pNB10 
plasmid DNA. (B-D) are AFM images of the same amount of pNB10 plasmid DNA 
incubated with 100 nM Hop1 protein. (E) AFM image of linearized pET21 plasmid DNA 
with 100 nM Hop1 protein. All the reaction mixtures are in buffer that contains 20 mM Tris-
HCl (pH 7.5) and 0.1 mM ZnCl2 at 30 °C for 30 min. 5 µl of each reaction mixtures were 
deposited onto freshly cleaved mica (Spruce Pine Mica Company, Spruce Pine, NC, USA) 
and allowed to bind for 2 min. Hop1 protein promotes bridging of noncontiguous DNA 
segments into stem-loop structures for circular DNA and synapsis of linearized double-
stranded DNA. Yellow arrows indicate the bridging of DNA. White arrows indicate the loop 
structures and green arrows indicate the higher-order nucleoprotein structures, which appear 
as a globule. The scale bars represent 200 nm in A and 100 nm in B-E. (Figure from (161)) 
 
AFM images suggest Hop1 has the ability to promote synapsis between DNA 
molecules, however, the stability, formation mechanism and the interaction dynamics 
of the Hop1-DNA complex were not clear. These questions are addressed in my 
studies here using magnetic tweezers. Additionally, Hop1 has a zinc finger motif, a 
small protein structural motif that is characterized by the coordination of one or more 
zinc ions in order to stabilize the protein fold. Thus we also investigated the zinc-
dependent functions of Hop1 with regard to DNA binding. Overall, results from my 
single-DNA studies provide direct insights into the mechanisms of Hop1 mediated 







The magnetic tweezers set-up was described previously in section 2.2, in 
which one end of DNA is tethered to a coverslip and coupled to a magnetic bead at 
the other end. The lengths of the Hop1/DNA complex under different tensile forces 
were measured and compared to the FE curve of naked DNA. In each experiment, a 
high force (~10 pN) was applied first to prevent DNA folding during addition of the 
protein buffer. Then, the force was successively reduced to ~0.03 pN, giving us the 
forward FE curve. Afterward, force was successively increased back to high force, 
giving us the reverse FE curve. At each force, the DNA was held for 50-70 s and the 
extension was averaged from the last 10 seconds data. Overlapping forward and 
reverse curves means that the DNA/protein complex is at a steady state over the time 
scale, whereas non-overlapping curves (i.e., hysteresis) indicate protein-induced DNA 
folding occurs over this time scale. 
Experiments of Hop1/DNA binding reactions involving zinc depletion used 
buffer solution containing 1 mM EDTA, which was added to the assay buffer (20 mM 
Tris-HCl, pH 7.5, 50 mM NaCl).  
 
5.3 Results 
Hop1 protein folds DNA into stable nucleoprotein structures in a zinc-dependent 
manner 
 
AFM imaging from our collaborator has shown that Hop1 can mediate DNA 
hairpin formation similar to H-NS. However, it is unclear whether the DNA hairpin 
formation is mediated by protein dimers between two DNA binding sites, or by a rigid 
nucleoprotein filament formed along DNA. This can be tested using the single-DNA 
stretching method. If the bending rigidity of DNA increases upon Hop1 binding, this 
result supports the filament formation model, whilst an apparent reduced bending 
rigidity of DNA induced by Hop1 indicates Hop1 mediated condensation or folding 
events. 
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Figure 5.2 A shows that Hop1 wild type (Hop1 wt) induced DNA folding 
occurs from a concentration of 100 pM, as evidenced by the apparent hysteresis 
between curves recorded in the force-decrease and force-increase scans. More 
aggressive folding occurred in the presence of 500 pM Hop1 protein, in which DNA 
started to fold at a larger force of ~6 pN. While at the force of ~0.25 pN, DNA folded 
quickly and the extension reduced to less than 2 µm, which is the minimal extension 
(~2 µm) that can be measured by our instrument. The folding at this force is indicated 
by a downward arrow in the figure. 
Notably, our data suggest that Hop1 protein-induced DNA folding is highly 
stable. For example, at 100 pM concentration of Hop1 protein, DNA extension was 
still below the naked DNA extension at 10 pN in the reverse curve, suggesting that 
the folded DNA at lower force could not be unfolded at ~10 pN over the time scale. 
In the presence of 500 pM Hop1 protein, the highly folded DNA could not be opened 
at even a higher force (>20 pN) applied for a long period of time (>30 min). These 
results provide compelling evidence that Hop1 protein binds to DNA with high 
binding affinity (sub-nanomolar Kd), which abets DNA folding into a highly stable 
nucleoprotein structure. These results indicate that Hop1 mediated chromosome 
synapses in vivo is likely highly stable which may be related to its function. 
The results described above were obtained in the presence of 0.1 mM ZnCl2. 
Previous studies have shown that Hop1 protein contains a zinc-finger motif, which is 
essential for its in vitro and in vivo activities (162). It was therefore of interest to 
determine the effect of ZnCl2 on Hop1-mediated DNA folding. To examine the zinc 
effects, experiments were conducted following the same procedure as in Figure 5.2 A 
but in the absence of zinc (see method). As shown in Figure 5.2 B, zinc-depleted 
Hop1 was unable to fold DNA at sub-nanomolar concentrations. DNA folding 
occurred at a concentration (~11.6 nM) that is 23-fold higher than the concentration 
needed to fold DNA in the presence of 0.1 mM ZnCl2 (Figure 5.2 A). From these 





Figure 5.2 Hop1 protein promotes DNA folding and formation of rigid DNA/Hop1 protein 
filaments. Binding reactions were performed in a buffer containing 20 mM Tris-HCl (pH 7.5), 
50 mM NaCl, 0.1 mM ZnCl2 (where indicated), and indicated concentrations of Hop1 protein 
at 30˚C. (A) Black squares indicate extensions of DNA in the absence of Hop1. Filled 
symbols are the extension of the same DNA in the presence of Hop1 when force was 
gradually reduced. At each force, the extension was recorded for 50-70 s. Data recorded in 
the last 10 s were used to obtain the final extension and plotted in the figure. The open 
symbols show the extension of the same DNA (after being folded) when the force was 
increased (indicate by rev). At each force, the DNA was held for 50-70 s (except for 500 pM 
Hop1, the unfolding data were recorded for 30 min) and the extension was averaged from the 
last 10 seconds of data. (B) ZnCl2 plays an important role in folding of DNA by the Hop1 
protein. 
 
The N-terminal domain of Hop1 is necessary for Hop1-mediated DNA condensation 
 
Full-length Hop1 contains three domains: N-terminus, C-terminal domain 
(Hop1 CTD) and a short C-terminal tail. The Hop1 monomer weighs 68 kDa. 
Complete digestion of Hop1 resulted in a 35 kDa fragment which is unusually 
resistant to digestion even at a very high concentration of trypsin. This fragment is 
later revealed to be the Hop1 CTD (163). Very recently, Hop1 CTD was found to 
form multiple oligomeric species when incubating with glutaraldehyde. Also Hop1 
CTD failed to complement the meiotic recombination defects of hop1* strain (163). 
Therefore based on the latest biochemical results there is a need to investigate how 
Hop1 CTD functions in DNA condensation at a single molecule level. This is also of 
interest because the results regarding the Hop1 CTD may reveal the function of Hop1 
N-terminus.  
A similar tweezers experiment was conducted using the same buffer as that for 
Hop1 wt which contains 20 mM Tris-HCl (pH 7.5), 50 mM NaCl, 0.1 mM ZnCl2. 
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However, instead of strong DNA condensation at 500 pM concentration of Hop1 wt, 
500 pM of Hop1 CTD did not display strong folding behavior. At a concentration of 1 
nM, Hop1 CTD still could not cause DNA condensation, instead, only caused slight 
DNA shortening (Figure 5.3). At the lowest force 0.03 pN, the extension was 
shortened by about 1 µm. When force was increased again, the DNA extension did 
not return to its original extension of 16 µm, but to ~14 µm. The lost 2 µm extension 
of DNA is caused by Hop1 CTD induced DNA distortion effect. 
The result that the binding affinity of Hop1 C-terminus to DNA was 
attenuated suggests that Hop1 mediated DNA condensation is regulated by the Hop1 
N-terminal and C-terminal domains together. Hop1 loses its condensation ability 
without its N-terminus, but maintains its DNA distorting ability. Thus Hop1 N-
terminus may play a role in Hop1 oligomerization during DNA condensation while 
Hop1 CTD has a functional role in DNA binding.    
 
                  
Figure 5.3 Hop1 C-terminal domain (Hop1ctd) has much less DNA folding effect. Binding 
reactions were performed in the same buffer and the same condition as in Figure 5.1. The 
much attenuated folding effect suggests that the N-terminus of Hop1 plays an important part 
in binding. At each force, the DNA was held for 50-70 s and the extension was averaged 






In this study, I have sought to understand the molecular mechanisms 
underlying recognition and recombination between homologous chromosomes during 
meiosis. It has been shown by our collaborators that Hop1 protein bridges DNA in 
AFM imaging which supports the DNA synapsis formation in SC. It folds DNA and 
mediates long-range synapsis between double-stranded DNA molecules, thereby 
disclosing an important and previously unknown function of Hop1 protein.  
Questions still remain unclear regarding the mechanism of the synapsis 
formation such as whether it is protein filament formation or protein condensate 
formation. I therefore conducted corresponding magnetic tweezers experiment to 
further understand the stability of Hop1-mediated DNA folding and dynamics. My 
results show that Hop1 induces DNA condensation, and the folded structure is very 
stable and cannot be unfolded even at large force (> 20 pN) for long times (> 30 min). 
Moreover, direct evidence was provided in supporting the ability of Hop1 CTD to 
fold DNA but is unable to condense DNA, which indicates that both Hop1 C-terminal 
and N- terminal domains are necessary for the DNA condensation. 
In addition, the notion that an indispensible zinc finger motif exists in Hop1 
was tested with a zinc deletion experiment. Our results demonstrate that depletion of 
zinc drastically attenuates Hop1-mediated DNA bridging. As Hop1 functions through 
mediating DNA bridging, this result explains why zinc is a necessary factor for the 










CHAPTER 6 Conclusions 
In my Ph.D, I investigated how DNA molecules interact with architectural 
proteins at the single-molecule level. Architectural proteins are proteins that interact 
with chromosomal DNA in cells and have the potential to affect DNA packaging and 
gene expression. The investigations I carried out were aimed at answering the 
fundamental questions of the molecular mechanisms underlying DNA-binding 
properties of pathogenic proteins such as SsrB from salmonella and MDP1 and mIHF 
from mycobacteria tuberculosis. I have also conducted a project focused on the 
synapsis of chromosomal exchange during meiotic reproduction. 
This thesis addressed four architectural proteins: SsrB, MDP1, mIHF, and 
Hop1. They function closely with chromosomal DNA in prokaryotes and eukaryotes 
respectively to interact and shape chromosomal structures thus organizing key 
biological events. Through the single-DNA stretching technique and atomic force 
microscopy, direct protein and single-DNA interaction was studied.  
SsrB, located on SPI-2, is a response regulator that is capable of directly 
activating expression of genes encoded within and outside of SPI-2 and thus assists 
Salmonella to promote virulence. H-NS, a global regulator, has two major functions: 
chromosomal packaging and gene silencing. Its function relates to its two DNA 
binding modes: DNA bridging and DNA stiffening. Both binding modes coexist and 
are mediated by magnesium concentration. When magnesium concentration is more 
than 5 mM, hairpin structures are favored resulting from DNA bridges. Whilst in 
buffer that contains magnesium lower than 5 mM, H-NS forms rigid nucleoprotein 
filament. In filamentous form, DNA adopts a more extended and stiffer configuration 
upon H-NS binding compared with naked DNA substrates and this structure has 
recently been suggested to be the H-NS gene-silencing structure. The genes silenced 
by H-NS can be derepressed by several anti-silencing proteins including SsrB, which 
has been shown to directly release multiple genes silenced by H-NS in biochemical 
experiments. However, the mechanism underlying anti-silencing by SsrB is not well 
characterized. Regarding the different DNA-binding modes of H-NS, my study for 
 98 
this project was concentrated on H-NS/SsrB interaction in both buffers for H-NS’ two 
DNA-binding modes using dynamic single-molecule detection.  
The results showed that SsrB can cause tight DNA folding from tens of nano-
molar concentration and unlike H-NS, its folding ability does not seem to depend on 
MgCl2. However, the DNA-binding of SsrB was very sensitive to KCl concentration, 
which was largely attenuated when KCl concentration was increased to 200 mM. The 
most important results in this study are the direct observation of competition between 
SsrB and H-NS in H-NS bridging buffer and stiffening buffer respectively, where 
SsrB’s anti-silencing function was observed by stretching DNA in the presence of 
both SsrB and H-NS. We found that SsrB only antagonizes H-NS in its 
polymerization mode. It highlighted that H-NS filament formation is the structure for 
gene silencing. A mechanism was proposed in which DNA selectively binds to SsrB 
or H-NS depending on MgCl2 concentration or in other words, based on DNA-
binding modes of the proteins: without MgCl2, SsrB folds DNA while H-NS tends to 
polymerize along extended DNA to form a rigid nucleoprotein filament. Therefore 
SsrB inhibits H-NS binding by maintaining high DNA curvature (tight DNA folding). 
In H-NS folding buffer, SsrB initiates H-NS mediated DNA bridging by bringing 
remote DNA sites together and reducing the energy barrier for DNA looping and 
therefore facilitates H-NS for subsequent DNA bridging. The result of these studies 
raised interesting questions regarding how these NAPs are selected for DNA-binding 
in vivo and how the selection depends on the environment.  
MDP1 and mIHF are both NAPs in Mtb whose causative agent affects one 
third of the world’s population and causes millions of death each year. As opposed to 
NAPs in E.coli that have been well characterized, the functions of NAPs in Mtb are 
much less understood. Systematic studies were conducted in this thesis to investigate 
MDP1 and mIHF to address their function in relation to pathogenicity, including how 
they organize mycobacteria nucleoid structure and how they facilitate tuberculosis to 
maintain its replicative quiescence.  
The interactions of MDP1/mIHF with linear double stranded DNA were 
investigated using both AFM imaging and magnetic tweezers. For AFM, MDP1 was 
studied over a wide range of salt (50 and 200 mM KCl) and protein concentrations 
(0.3 nM to 30 nM). At low protein-to-DNA ratio, nucleosome-like protein-DNA 
particles were observed, while at high protein-to-DNA ratios (1:10) DNA was tightly 
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condensed by MDP1. mIHF was studied only in 50 mM KCl salt concentration and 
appeared to behave similarly to MDP1. In single-DNA stretching experiments, both 
MDP1 and mIHF were studied at protein concentration in the range 50-1000 nM in 
both 50 and 200 mM KCl, and we observed salt insensitive DNA condensation for 
both. Probability density analysis revealed random unfolding step-sizes and suggest 
possible DNA binding formation to be DNA wrapping around individual protein 
units. Based on these, we proposed a putative mechanism by implicating that the 
protein-DNA particles may further interact with each other, bringing non-contiguous 
DNA segments together, resulting in the similar formation of bacterial nucleoid. This 
hypothesis is in consistent with the presence of DNA loops around the condensed 
DNA in AFM images (indicated by yellow arrows in Figure 4.2 4.3 and 4.8). Overall, 
these results strongly suggest a potential role for MDP1 and mIHF in compaction of 
Mtb chromosomal DNA into the bacterial cell. Our findings on MDP1 and mIHF 
provide new insights into the largely unknown assembly architecture of Mtb nucleoid 
structure.  
Although the functions of MDP1 and mIHF as to mycobacteria dormant state 
and intracellular survival are unclear, understanding their interaction with DNA can 
lead the way for understanding their function for the nucleoid that strongly influences 
the growth of bacteria. In addition, some insights can be obtained by comparing 
MDP1 and mIHF with E. coli Dps and IHF that are also highly expressed during the 
late exponential and the stationary phases, respectively. Similar to MDP1 and mIHF, 
both Dps and IHF were reported to be able to cause tight DNA condensation (144, 
164). Therefore, we suspect that MDP1 and mIHF may play similar functions to Dps 
and IHF, respectively. Dps has been known to protect DNA from diverse forms of 
damage by condensing DNA and restricting DNA accessibility to other cellular 
factors (28, 164, 165). Interestingly, recently MDP1 was reported to possess ferritin 
superfamily protein-like activity and is able to protect against DNA damage by the 
Fenton reaction, which is very similar to Dps (166). Therefore, we suspect MDP1 
play the similar role in Mtb as Dps does in other bacterial systems. Compared to 
MDP1, the functions of mIHF are much less understood except for its phage 
integration function. Based on our results that demonstrate similar binding properties 
of MDP1 and mIHF, and considering their different expression phase, we reason that 
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mIHF may also play an additional role in DNA protection by forming a barrier to 
protect DNA from other cellular factors through non-specific binding.  
Hop1 protein is found to be one of the main components in the SC in 
Saccharomyces cerevisiae. The SC is a protein-chromosomal structure that is believed 
to facilitate synapsis of homologous chromosomes during meiosis. But how meiotic 
recombination and the SC are coordinated is unclear. In this thesis, one component of 
the SC, Hop1, was investigated via magnetic tweezers experiment in order to study its 
DNA interaction and to understand its potential role in promoting DNA synapsis. Our 
results showed that Hop1 is able to stably fold DNA, indicated by the difficulty of 
releasing the folded DNA. Moreover, the Hop1 DNA folding ability is highly 
dependent on the presence of zinc ions, in agreement with the dependence of its 
biological function on the zinc finger motif. Further, magnetic tweezers experiment 
results for Hop1 C-terminal domain (Hop1 CTD) showed folding capability but no 
condensation suggesting that Hop1 DNA-synapsis requires both its C-terminus and 
N-terminus. These findings shed light on the function of Hop1 on chromosomal 
synapsis and the role it plays in SC formation. This study also provides a possible 
way to investigate other SC component proteins and toward a final understanding of 
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